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ABSTRACT

: )
The use of feedfonnrd correction to reduce nonlinri/diitortion ‘\\ ,L

. |
in a etcble Dﬂ’h’!'r smplifier is investigated theoret:lceuy d experi- !

mentally. ‘l‘he notivat:lon for this investigation 1s thet, vhen such a

lineerised mlifier is used in a microwave telecommunications :yeten.

SSB~AM nodulation becomes a vieble eltemetive to the ™ modulation now

// ‘ A"“"‘.
A

1n/f use; SSB-AM makes more efficient use of the frequency spectrum than °
/m. o ' Qv !
s . :

)

' Internoduletion (IH) distortion in an IMPATT cnpl#(ﬁer is enely‘ed

by two different ‘thod. 'me firnt method uter the Volterre eeriec ap-

procch An IHPATT enpl:lfi!er model which 1ncorporetee the nnn&necritiee «
of the diode and its linear wedding circuitry is described.’ The Volterra:
transfer functions up. to and :lncluding f:l.fth-order are derived for this

model. Expteui'onn are derived fcr ™ diotorticn prcductc, and 1ntercept

.
s—— 2
-

Alpo:lntc for 4 low-level two-tone input. These expreesians demonstrate the
dependence of diet&rt:lon on enplifier centre-frequency, the equivalent
load conductance, and the nonlineer dipde peraﬁetere. In the lecond nethod
the IMPATT uplifiet model conpdsee admittance operators vhich reprelen»t

l . |

the nonlinesr active diode and the linear penive embedding circuitry. .
'mele ;dnitunce operators are defined cnalytically in teru of the RP- |
voltege nplitude and frequency, and apptoxinted by cubic-epline fict:lng
of experinentel date.,‘!he nonlineet differentiel: equetion for thé nodel

1s eolved m-ericclly ucing quuietetianery mlyeh' the eteady-etate 'so~

\lution givn the ‘™ dutott:lon. P to uventh-order, of the DIPATT ampli-
fier. | ‘
. Ty

' An e:preu:gn is derived uling Volterre eeriel mlylie for che N

teduction of D! producte in the feedfonurd-corrected IMPATT nplifier,

W




€2,

;**ptove-ent expected from theoretical mlyeil.

\
i

in terms ];of the feedforward network parameters. It is shown that:

' .1) :lnbalar;ce in _(he eii;oij-cdf}e'etidn' I‘o_ep niniy éeternhee the distor-

tion suppression in the feedforward lyvl‘te_; 2) imbalance in the error-
detection loop dictates the required powei capabil;lty of the error
;q;lifier. Further, the gain seneitivi‘ty of the feedfofwefd ampldfier as
a function of gain- and phase inbelence is obtained.

A technique for the meagurement of the D!PATT-dl‘ode 1.:;:-'-1@.1
electronic admittance is developed. 'l‘he Fechnique feetureu 1) measure-
ment with the Udidde in situ; 2) fleiib:llity throukh use of an 'automatic
network analyser;'3) accuracy enh_’ cement by co-putex;-aided data reduction.
The electronic admittance of an ATT diode (HP 5082~0431) was neuured
vithin an estimated ‘error of 201 at 25~lAdc b:l.u, in the range S 7 to
6.5 GHz, for RF voltage npl:l.tudea up to 20 W

'rﬁe IM distortion of ;n experinentel 17-dB gain, 5.905-GHz nnwrr
amplifier was -euured for an equal—level two~tone inpnt in the 6&-!!5:
paesband The experinental third-order IM products vere approziutely
20 dB below the carrier for O-dBm output power, and cc-pared favourably «

with the predicted distortion. An experimental feedforward amplifier was

realized in waveguide ub:lng the experimental IMPATT upl'ifier as the main

amplifier end a lov-noiee TWT ae the error nplifier. The obeerved D!

:
products wvere reduced by ~20 dB over a 6-—HB: bandvidth and by 30 dB

at the cenptre. frequency. The i.-provmt ettained asreee with the im-

L}



v

A . « ¢

ACKNOWLEDGMENT

. The author expresses his sincere appreciation for the interest,
advice, and encouragement provided by his supervisor, Dr. P.A. Goud,
durinq all phases of this work. The author also wilhel to thank
Dr. A. Javed for his invalusble assistance in developing the Volterra
'ser:leo:' model, and Mr,. J.E, Feern,‘ J’f the Microwave Electronics

Laboratory for his help in perforling the experimental measurements.

'me author is grateful to Dr. J. Nigrin and Dr. C. G. Englefield,

for: my fruitful discuuiona dur:l.ng the period Dr. Goud was on
sabbuiqal ledve. “

The fimc:lal aupport provided by the following organizations
is greatly apprec:lated' The National Reaearch Council of ‘Canada fot
several postgraduate scholatahipr Alberta Goveryment. Telephoneu for

Centenninl Fellowship; and the Depart-ent of Electrical mgineering

|
Q part—tine teach:lng uaistantsh:lps. ‘m& research’ reported in this

thesis was aupported in part by the National Reaedrch Council of Canada

under Grant NRC A-3725. 24

- Lastly, 'thel mthei ’-us\ thank hio wife, Kathy, and his patents
for their uwsyering patience and inspiration to completion of this

_ thesis. C _ ' ‘

2y

L]



TABLE OF CONTENTS /

! IWDUCTION e 00600 c 0 0st 0ot 00 s et fratotatstptaorsrarare

1.1 Gm“.l Conlidﬂrltionl -lio'tc"i..0‘-.........-....0’.0.
1.2 Thesis Objectives and Approach
1.3 Thesis Organization.......c...}.

R R AR AR

IMPATT AMPLIFYER DISTORTIOR AND F EDFORWARD CORRECTION ...
2 1 Synoplil 40-0--.0.0..-0-0.-.0--.---o‘.o...-.-.b.-.o--.

© 2.2 Types of Dhtortion Produced y Amplifier

Nonlineariti®s .....ccoceefoessgodocoscrccncscsassen

2.3 Evaluation of Amplifier Nonlinearities .......c.c.....
*2.3.1 Intermodulation (IM) Diatort:lon Product .......
2.3.2 Intercept PointS....fccceeccsacccsrssescccanece
2.4 Soae Properties of nm'rr iades and of Stable mn'rr
mliti‘r‘ /.'..ll.QQD.D.-...o..l.'..o.toll-.o.l.!o.
2.4.1 S-ll,l-Siml IMPATT-Diode Cliaracteristics .....

. 2.4.2 Large-Signal IMPATT-Diode Characteristics .....
2.4.3 Stable IMPATT-Diode Reflection Amplifier .....
2.4.4 Nonlinear Characteristics of Stable IMPATT '

Ahplifiou...........................

2 5 Survey of Amplifier Linearization Techniques ,........

2.6 Principles of Feedforward Correction P

ccumm—mm LARGE-SIGRAL msunnmrr OF IMPATT DIOD!
ELECTRONIC ADMITTANCE ..ccococesencce
3 1 Intt“ucti“ ...I.......‘...l....‘...C

3.2 Theoretical Details of the Electronic-Admittance

\

Chapter
1
3
[ 4
§
&

. u“.urmt T-chnim Gevesccestsvevecss v e .-.-;-'

3.2:1 mmfcu{t Ml‘{oll.uto.."ool..c'..-00.oco.. .

3.2.2 Calibration of the Measurement System .........
" '3.2.3 Determination of the Coaxial System Transmission

P‘r-‘u“ ..-....-...ll.....l.l....."..... .
3.2.4 Determination of IMPATT Electronic Admittance .

3.3 Experimental Details of the xleqtronic—Adnittance o

Measurement Technique PP

3.3.1 Experimental Electronic-Admittance Measurement

s‘t‘u’ ....O..I'Q..l....'....l.l.t.l!.t..l..

'3.3.2 The Experimental Procedure .....ccocecceecasccs
'3.4 Computational Details of the ElectropicsAdmittante

Measurement Technique:- .c.ccoceesecccacccsccsavinscs

.3.5 Messured IMPATT-Diode Electronic Admittance and Error

M’.u lino-o.ooa.---Ono-.'Ocloao.-‘o..!locooo'..-

3 6 sm oooo.oooasooov.ooo}o.-oo.-.ooo.o-o-lo--onuo-c

42
42
45

49
52

55

55
58

59

71




53‘1

Equivalent Circuit of a Stable IHPATT Mplificr, '

o

Ly

Chapter , Page
ey ---DISTORTION ANALYSIS OF A zmmm—conmm DDATT .-
AMPLIFIER HSING VOLTERRA SERIES REPRESENTATION......... 73
4.1 Introduction with Historical l!otea......‘............ 13
. 4.2 Some Preliminary Regults for Voltcrrn Series o
ADBLYBLB ...oviivnricncctnrosccncrancosssescaslonnns 75
4.3 Distortion Axulyli- of a Stable IMPATT Amplifier
Using Volterra Series hpreunution 80
4.3.1 A Nonlinear Model of a Stable DIPA'I‘T ’
Alplif:ler -..oo.‘ooo.-noo.-ooo-oc.-.ao-o'i‘c 80
4.3.2 Determination of the nmrr—mmru: Volterra
Transfer Punctions ......cicovecvecencenances 86
4.3.3 Intermodulation .Distortion in an D!PAT*L L e
Amplifiér .41 w?
4.3.4 Third- and Fifth-Order Intercept Points of ..
- | A TMPATT ARPIAFIOE «.voveeuennenrininenssnns “Bg
- . T 4.3.5 Giain Co-prcuicu in an IMPAIT AnplifiJr ceonegy -9
F 4.3.6 Computed IMPATT-Amplifier Distortiom ......i..>*" "96
4.4 Extension of Volterra Series Distortion Analysis to '
a Microwaye Feedforward Amplifier .........cce0ceen 114
4.4.1 Basic Nonlinear Model of a Microwave Feed- ‘
R ' . "forward Ampliffer vi....c.civeeenccccnioconan 114
’ 4.4.2 Determination of the Feedforvard Amplifier
- Volterra Transfer Functiond ........e00vese. - 119
. 4.4.3 Intermodulation Distortion in a !eedfotward
AMDLITIeT ..eoviinninnrernee i Teeinianees, 121
4.4.4 CQ-puted Distortion in a Feedférvard- ' s
Corrected hpl:lficr ceeiBieatannrensssnerane 126
§ " 4.5 Power Considerations in Microwave Feedforward -
e Mplifier De.ign................................... 129
4.6 Gain Sensitivity of a )ﬂ.crownve Peedforward '
. AMPIAFLRT ververneinreenncieinsessiiioecnocacnsenscs 132
%.4.7 Summary .,..‘ 133
' 9 ¥ %UASISTATIORARY NONLINEAR DISTORTION STU]JY oF  FEEDFORWARD-
e - CORRECTED D!PATTA!QLIFIER.....i....................... . 135
i 5.1 Introdiction 88d OVerview ....c.ccoeveeteienesnscassas 135
/5.2 Derivation of Active and Passive Circuit, Ron-cw P :
Admittance OPErator® ..scececevecccccescascscsvsscas 137
5.2.1 Linear Passive Circuit Ron-CW Admittatce .
. OPETBLOT ...isesecvoccrsoeviaveinoansosaasacas 137
'5.2.2 Ayproxintion of ‘the Pul:lve Gircuit L:lneat -
' ’ ‘ Admittance Opeutot by Cubic Spline , :
g T . Interpoletion .....ieeevicniiicacesenenonssss 142
b ~ 5.2.3 -Nonlinea®™ Active Circuit Non-CW. Admittance
) S OPETALOT ...cciosssveccsssnssssacosssascesasee 146
. . “'5.2.4 Approximation of the Active Circuit Nonlinear ‘¢ .
. Admittsnce Operator by Bicubic Spfine o
 INteTPOlation....sirercireniaceccsoreeonceses) 152
'5.3 Nunetical Quuhtnt:lmry Di-tort:lou Analysis of B
an TMPATT ABDIALAer \..u.'eivnerianrasnsecanacnsoine ifs,: |

1K ; ———
. . - e



Chapter

b - oo ~ ~ Page
5.3.2 Intermodulation Distortion Analysis o£ a0 .
IMPATT Amplifier by Numerical Solution of “the )

Amplifier's Nonlinear Differential Equation .. 165

5.3.3 Computed DtPA’I'l‘-Anplifiar Distortion .....e0ee.s 177

5.4 Reduction of IMPATT-Amplifier Dist:ortion by Feed~ ‘
forward Correction .....veevvevecenceciorcorsarsocaca 192

sssmry S ecs oo st s mr e l..‘.o.tooo..00.;&.00..‘0000 195

EXPERIMENTAL STUDY or IHPATT-'AMPLIFIER DISTORTION AND OF
Fmromwm-comcrm DISTORTION RS [}
6.1 Scope of the Experimental Study ........sveveceesonenss 197
6.2 The Experimental Stable IMPATT Amplifier ....v...e0e... 198

6.3 The Experimental Feedforward-Corrected IMPATT R '

mlifiet .c---o-ooonuovnnl.-ococo.--vl»...,p.o--o&-o. 205
6.4 The Experimental IM Distortion Test Bench and o
Pl‘ocﬁd\ﬂ'el c...c'..l..'v'.l!.-oo..ua-r.oo.oc'll.-o.-.o 211

6.5 Experimental IMPATT-Amplifier Distortion Results and

Comparison With Theory .......ecvvivecossaarscensanss 215
6.6 Experimengal Distortion Results for the Feedforward-
Corrected IMPATT Anplif. :I.er and Conparison with

Theory teveeseesccessenutaepestrssaenns tevesnsessonsss 220

COWSION ..i‘.l.....!.lll‘.‘.l';....ll‘...".l..‘....‘..‘.l."228.

7.1 Recapitulatien of Theoretical lnd Experimental Results

with uncludm mrk‘ ......'..........0‘.....0...‘. 228"

7.2 Recommendations for Further mearch ..... Cleceaseecnan ,236

LI

mmm Ql.l...l.'..'...‘...;'..!.:‘.l.l.‘.‘l.ll....~’:‘00.l"l...,.239. \ :

_APPENDIX A  INTERMODULATION DISTORTION. IN.ZTERMS OF SRS

VOLTERRA TRANSP!R !'UNCTIONS ;..........'.....-21_06 

" APPENDIX B.° cm 'COMPRESSION IN TERMS OF VOLTERRA § 250 \ )

) mm mcrlons o.aoo‘oo..acooo.o--'ooco,a'to'l' - " . \.‘
i\ . . N V. s - . . ’ e -‘ ’j‘.;'c N o



LIST OF TABLES

. o Description - Page
IMPATT-Amplifier Nonli;nurﬁodel Parameters - =9

‘- . - : b,

A}
:-:l- ) v
’ . -
.
oy
&
i , .
. % i
D ‘ . -
v . .
.
T : -
i
. .
. N " 4
& . N
“-
- & o
?, - .
-
- - - T L3
B Y .
V/ QA
\
. w
. e
. o
P ’
~ ; N - *
. . s
, L
K -
B - . ‘, -
‘ & : p
Y a ’ :
) i
- . .
< . .
s - . ) o .
et o xt .
. .
& & . . \



2.6
2.7

2.8

Wy,
Wy,
'Y

: dhtortion.

b .

\*\

. IPATT diode operation. (o). Terninal 11, sharscteristics

of a PN junction. (b) Read diode styucture [22].
(c) Electric field profile. (&) ‘Applied RF¢voltige. '

(e) Avalanche curtbéat dr current mjocteé v;(nto intrinsic

region. (!) Induced exteinal cutrun:

5 N
.

Typical DIPM."r‘liodu lnrgc-niml tlcctronic .dnitunco
for a given ddb:lu current [30}. e P

M r-fhctlou quﬂgr. IR

: e eulon wl:lficr dis-
tortion’ %~ : (a) !l& r amplitudg’ distortion.
®) uonunm phase distortian. (p) linesr® -yhm-

- distortion. (d) Linear pbuh diltottion. <

«Amplifier unu:mem teghniques. (a) hckoffxof .-pufr.:
output pover. (b) Equalizdtion of ‘smplifier noplifearities.

(c) Bm-curnnt eoqmua;ipn of nmrt -pnﬁcr [61]

 Peedback-1linsarised ‘pu,tiqro‘ (a) Basic fnlluékx

‘amplifier. (b) Microwave- feedback. smplifier [46].

" (c): Siemens e-bh. M .‘.udblek smplifier [m
rudtozwnd-comc;-d M.fhn. {a) Black's fandtorward -

gmplifier [4], [5]. (h) idcl'o microvave fudfoévusl

‘emplifier [551, 561 L ’ e

T’Pic'l P‘ehnd uﬁnuvc-ruutn& .ﬂom .*

viﬂl

!qdiuhnt éinedt of pach”d
cilion So-ﬂ codlhl lial u;corunc to ch:lncet [63]

. '

~'--, r.' )

l'rmfomuon of nmn' mctrouie ‘admittince Y. to

) mu-nt uf‘:mplmu-u' accordin:tocu.rtw‘i‘ki'. 39 '

K 24

Mtek amr- of largc-liml .1.eeron1c .aqumcc
wmt “t"ﬂ’

diodc m:ad 1n pre-

-

flchgcd‘a dndw 1n tm 50-0 douill line - .
* c:mt:g-f » 37

R

IR A A
v
%39 '
)

22

s

a3

‘. - \‘ ‘h . “ A ‘:: - .
. T .
_ ' ts » S et g _
P _ ‘ LI”O”IW . . e ' L

. I Page.
Types of mmplifier distortion. (n) Nonlinnti}'.plitudc o
‘(envelope) distortion. (b) ¥onlinear phase distartion. ’
(c) Linear amplitude duton:lvn (d) unhr plllc _ - 0




3.9
3,10

3:.11 ’

3.12

3.13

'3.14

"~ 3.15

4.1

4.2

Transformation of IMPATT electronic addmittance Y,

" to calibration reference plane 2-2' and to measure-

ment reference plane 1-1'. , 46

Sg:hggig;_;c_ diagram of ]:a_tgé—oignal electronic admittance L

measurement set-tp. . - CoTer — 56
_Resistance and ﬁfferential capacitance of the active oo

region of the experimental IMPATT diode below breakdowm -
voltage. ‘e “ ;

Volterra-Wiener model of an nth-order nonlinear sydg:_gn 801. 79°

Equivalent circuit used for Volterra series distorfion

'~ analysis of & stable IMPATT reflection amplifier./ = 82

Co-patvi;«‘éh'oieﬂﬁ,a\'a_t'xgpci’ M‘L'r'r-anplifiét gain w We -
gain predicted using the IMPATT-diode amplifier model
for Volterralseries d;atort:l_.pn‘ ‘anslysis (at 25-mAdc

. !

biss current). . _ . »
Comparison of p,eu,ufcql IMPATT-amplifier phase ﬂ'ﬂg -
vith the phase ‘shift predicted using the IMPATT-diode
" amplifier model for'Volterra series distortion analysis .
. (at 25-mAdc bias curremt). - ‘. . 98

-

.9
.-

Cer

. - v |
Behaviour of the small-signal electronic conductance of
the experimental IMPATT diode. . L 62 .
Behaviour of the .mll-sill.%pal eiqctronié au’cce;;unce |
. of the experimental IMPATT dicde. o 63
N ' . T L
Frequency behaviour of the large-signal electronic con- ' N~
" ductance of the experimental IMPATT diode. 65
Prequeﬁ””behav'io‘ﬁt- of the 'lirgréigﬁl eléctronic suscep-
tance. oathe experimental IMPATT diode. _ 66.
RF Avbltage behiviob;r of ‘_he‘ large-signal .Ae‘lectronic‘ con- g
ductance of the experimental IMPATT diode. e 67
RF voltngef:e'hav{m:r’of l.:lye litgééiignal electronic suscep-
tance of the experimental IMPATT diode. - - . 68
Frequenty- and. :R"'!'.vc;i‘tage behaviour of the large-aigui
electronic admittance of the experimental IMPATT-diode. 69



4.7

4.8

4.9

4.10

4.11

4.12

\ ’ :
Calculated values of small-signal electronic conduc-

ance and the nonlinear conductance parameter in the.
haracterization of the IMPATT-diode electronic con-

ductance (Idc = 25 mA) for Volterra series distortion

aralysis.

“Calculated values of snall—nigﬁjl equivalent diode

capjcitance and the nonlinear diode capaciﬁiﬁte .
parapeter in the characterization of the IMPATT-diode
electronic susceptance (I4. = 25 mA) for Volterra '
istortion analyBis. C ‘

Computed\linear traﬁsfer function, at frequency'fl,

for the experimental IMPATT amplifier (I4. = 25 mA)

&

Computed third-order nonlinear (Volterra) transfer
function, at frequency 2f1-f2,f0t‘the'experiﬁéntal
1ifier (I,. = 25 mA) with a two-tome.
. £, +1 fifie).

| 4 , . “: :‘

Computed fifth-order nonlinear (Volterra) tran'fer'”é‘

function, a equency 3f1-2f,, for the experimental A

IMPATT amplifier (I4. = 25 mA)gslth a two-topie input

(fp.m £y +1

frequency.

: cd-§nr1ion of me

Predicted freq y-dependence of IM distortion, using
Volterra series \analysis, for the experimental IMPATT
'26 mA) with a two-tome input -
d constant <~10-dBm output power.
irdrorder IM distortiomn at 2f;-f,. (b)

(a) Predicted
ordér IM distortion at 3£1-2£,.

Predicted fift

ured and predicted IM distortion,
rkes analysis, for the experimental
= 25 mA) with a two-tone input
.906 GHz) at the centre

Conparison of m
using Volterra .
IMPATT amplifier| (Ig.

(£, = 5.905 GHz, \f, =

ured

| and predicted fundamental
distortion products, using,

output -power -and

) with. a .twostone input
5.906 GHz) at the centre

(f, = 5.905
frequency.

100

103

104"

105

107

108

P
¥

 Volterra sériés stplysis, for the experimental IMPAET =
amplifier (I3, = 2 '
U, ¢



Figure 7 . ‘ R " Page

4.13 Conpariuon of measured and predicted. frequency— o
' dependence of third-order IM distortion at 2f f
susing Volterra series analyuil, for the equrinental .
IMPATT awplifier (Igc = 25 mA) with a.two-tone 1nput : \\ ..
(f2-£1+1lﬂlz) ‘ - o ' 111

. . -
g

4.14 Predicted ftequancy-dependence of fifth-order ™
: distortion at’ 3f, Zfz,using Volterra series analysis,
for the experimental IMPATT ‘amplifier (Idc = 25 mA)
with a two-tone input (f2 = £, +'1 MHe). o2
‘Predicted gain couprealion/expanlion, using Volterra
series analysis, for ‘the experilental IHPATT anplifier
at 25—-Adc bias current. 113

4.15

»

4,16 Feedfotward amplifier reyreocntation for the Volterta
series analysis of nonlinear distortion. (a) Feedfor-
wvard amplifier circuit representation. (b) Ovérall
feedforvard system representation. ° AV 2 L
4.17 Improvement -in third- and fifth-order IM distortionm,

M3 and IMg, for variqus values of imbalance in the
feedforward alplifier error-correction loop. Lo 127
4.18 Contoura of constant improvement in third- and fifth-
: order IM distortiom, M4 and IMs, for various values of
-imbalance in the feedforuard anplifier error-correction

loop = 128

4.19 Relative contribution of the error—nlplifier power lnd
main-smplifier power to the feedforwvard-amplifier X
power for various values of imbalance in the feedfor—
vatd alplifieryerror-detectian loop. / - . 131

5.1 (é) IMPATT-d4ode rcflection—typc,nlplifior eircuit.
‘ (b) Equivalent circuit used for quauistationary dis- - Co
tortion analysis of ‘a stable IMPATT ampliffer. = . = 159

5.2 »~ Measured circuit adnittance prescnted to the active
"Lfregion of the IMPATT diode in the experimental IMPATT .
) a-plifigr. The measured small-signal electronic admit-
‘tance (negitive) of the IMPATT diodb (Idc =25m) .
- 18 also shown. 178

. 5.3 Co-parison of naasured IHPAIT-cnplificr l-nll-lignal
' gain with the gain predicted using the measured
z circuit- and electronic admittance (Idc = 25 mA),
The effect of a' 4% increase and a 4X decrease in the
ured circuit conductance and s ceptance, respec-



5.4

5.5

tively, on the predicted gain is shown. The calculated

. insertion loss x2 of the coupling network K is also

plotted.

Comparison of measured and predicted BM distortion, :

" using quasistationary distortion anslysis, for the-
experimental IMPATT amplifier (Ige = 25 mA) with a
two-tone input (£, = 5.905 , £, = 5.906 GHz) at
the centre frequency. The ureifcircuit" admittance
is used in the analysis. h ‘

. i

Comparison of measured and ptodicteé‘frequeh_cy-depe‘nd"-b
ence of third-order IM distortion at 2f,-f,, using
. quﬂaiutat:lonary distortion analyeis, for tﬁe experi-

mental IMPATT amplifier (Igc = 25 mA) with a two-tome

\ input (f, = £, + 1 MHz). The measured circuit admit-

5.6

[~

5.7

tance is used in the anslysis.

arion of measured IMPATT-amplifier gain with the
gain predicted using the IMPATT-diode smplifier
tuneg-circuit model for quasistationary distortion . -
analysis (at 25-mAdc bias current). .

Co—péruon of neuur§§ IMPATT-amplifier phase shift with
the phase shift predicted using the IMPATT-diode ampli-

: -/J'ixéﬁftmd-citcuit ‘model for quasistationary distortion

5.8
"‘A

5.9 Co-p rison of -éuﬁred and predicted fundamental output . .

" 5.10

ysis (at 25-mAdc bias curremnt).

Compa drison of measured and predicted IM distortiom, -

using quasistationary distortion analysis of the ampli- =

fier [tuned-circuit model, for the experimental IMPATT
amplifier (Idc = 25 mA) with a two-tome input

(£, = 5.905 GHz, f, = 5,906 GHz) st the centre fre-
quency. . - - P

"~ power and IM distortion products, using quasistationary
. distortion analysis of the amplifier tuned-circuit '

. madel, for the experimental’ IMPATT amplifier (ggg = 25 mA) _""
‘GBz) - -

with a two-tone imput (f, = 5.905 GBz, £, = 5.
at the centre frequency. R

rison of measured and predicted frequency depend-
ce of third-order IM distortion at 2f)-f,, using n
asistationary distortion snalysis of the amplifier
tuned-circuit model, for the experimental IMPATT :
lifier (Ige = 25 mA) with a two-tone input
(fp = £, + 1 MHR). SR

 xvi

. 187

182

183

184

185

188

-7 o



Comparison of mnured and predicted frequency- .
dependence of fifth-order IM distortion at 3f,-2¢,,
using quasistationary distortion analysis of the

amplifier tuned-circuit model, for the exper:llentel

.IMATT amplifier udc = 25 wA) with a two-toné input

(f, = £+ 1 MED).

5.12

6.6

6.7

Predicted gein compression/expansion, usipg quasista-
tionary distortion analysis of the amplifier tuned-.

circuit model, for the: experi.entel IMPATT amplifier
at 25-nMc bcl.u current. .

Crou section of J-bnnd coaxial double—elug-tuned
IMPATT amplifier citcu:lt.

Heuured gnin behaviour of the experinente‘l IMPATT
smplifier at constant 25-mAdc bias current. ‘

ured uturetion characterigtics of the ex‘peri-
1 IMPAIT amplifier at constant 25—-Adc bias

ewrent. .

Measured gain compression of the experinentel DlPATT
amplifier at constant 25-mAdc bias current.

The experinentel feedforverd-corrected DIPATT
amplifier. =

. Photographic view of the exper:lnentel feedforvard- .
- corrected IMPATT -plifier and two-tone IM dietortion ’

telt eqnipnent .

Meuured vnrhtion in the qunl:lty of errorhdetection
loop balance and errdr-correction loop balance in the

~ experimeatal feedforverd—corrected IMPATT amplifier. .

6.8

‘ -'. 6'9

. 6.10

e VOlterrn series analysis; 2) the quuieteti :
 distortion anny-u. % ‘

K et 2f, -f zg for the experimental IMPATT anp der

The e:peri.-en&l two-ton;e m distortion teot
bench ; ,

Sche-atic dlegr- of 1r frequency conperator circuit

for u:lcroveve two—tone. generntor (-odified from

" [100])

Co-pericon of neuured third-order m dis rt:lon |

mA) with a tyo-tome input (f,
tbe tuoreticel vhlues calculated u's :

Page

190

191

199
201
203

204

206

208

210

212

214

216



Figure
6.11

Comparison of measured fifth-order IM distortion
at 3f,-2f,, for the experimental IMPATT amplifier
(I1gc - 25 -A) with a two-tome input (f, = £, + 1 MHx)
with the theoretical values calculated uoing 1) the,

- Volterra series analysis; 2) the Quuiitotioinry

6.12

distortion nnolyo:ls .

Spectrum photographs of the IM products of the experi~-
mental ‘feedforwvard amplifier with an equal-level

-(-13.8 dBm) two-tone input at the centre frequency

(f, = 5.9045 GHz, f, = 5.9055 GHx) [vertical scale

10 dB/cm; horizontal scale 1 MHz/cm]. :

(a) The output of the feedforward amplifier v:lthout
feedforward correction.

(b) The input to the error amplifier when tho error-
detection loop is balanced at 5.905 GH:.

(c) The output of the feedforward upl:lfier with feed-

- forward correction opplied.

6.13

V: N

Spectrun photogroph- of the output of the feedforward
amplifier with an equal-level (-13.8 dBm) two-tone
input at the centre frequency (f, = 5. 9045 GHz,

fy = 5.9055 GHz) (vertical scale 10 dB/cm; horizontal
scale ‘1 MHz/cm].

(a) The feedforward-corrected output for 1-dB mplitude
imbalance in the error-correction loop.

(b) The foedfowofd—corrcctod output for 2° phase 1-
bolonce in the error-correction loop.

(c) The feedforward-corrected output for both 1-dB
adiplitude imbalance and 2° phou 1-ba1once in tho

_ error—correction loop.

6.4

_'Spectm photographc of the Dl'producto of the expori-
mental feedforward amplifier with an equal-level

(-13.8 dBm) two-tome input at 5.901 GHz (f, = 5.9005 GHg,

" . f2 = 5.9015 GR:) [vert:lcol ocale 10 dn/c-, horimtol

6.16

‘third-order IM distortion by means of feedforward

scidle 1 MHz/ca]. .

(a) The output of the feodfotvu'd -pl:lfier v:l.thout
feedforward corréction.

(b) The dnput to the error npl:lﬁer vhcn the ortor-dc-

jection loop is balanced at 5.905 GHs,
{¢) The output of the feedforward l-pl:l.fier vith food-
- forward correction appliod. T

Co-paruon of -murod tcduct:l.on of mPArr-upl:lfier

correction with the. npootcd 1-ptovucnt values as a
function of froquoncy. o 4

Co-por:loon of nuoured fccdfomrd-anplifier :

-3o:ln unlitivity v:lth the predicted ga:l.n lmitivity.

'xfiii_

Page

218

221

224

225

226 -

1226

2 ('ﬁ



4

 CHAPTER 1

INTRODUCTION e
3 L R _

1.1 General Considerations - . o

Great interest hao arioen recently in the‘uae 6£ single-Sidpbend’
AM Frequency Division Multiplexing (SSB—AM-FDM) for common cnrrier nicro-
wave comnunicetiono [1]. Thie is due to the superiority of SSB—AH over
nerrowbend M in: 1) aignel—to—noise perfornance at relatively nigh t;’ne-b
miooion~cepecitieo; 2) its inherent frequency ipectrum conservation over
the microwave fn links now . in use. In AH systems, hoﬁever, intermodulation.
(IH) distortion seriously degrndes system performance. This ™ distortion
results primnrily from third-order englitude distortion and third-order
AM—to-PH couvereion in the transmitter output otage operating ‘near'
, aaturation [1], [2] Such distortion is caused in nicrowave amplifiero
.- by nonlinear output-e-plitude ‘variation with input signal level and
‘ nonlinear pheoe shift variation with input signal level, reepectively.
As-nucgjénphaail must be placed on phase nonlinearities ea on'e-plitude ‘
nonlinearitiee\i\ any elplifier distortion study beceuse reactive or

“-e-ory effecto are very lignificant at high frequencies..ln eddition to

“cont ibuting to IM distortion, phase nonlinearities ceuoe IH diotortion

to frequency-dependent Unfortunof "‘

)

is Priven. into its nonlineer region of gpereti"ﬁm

we ** @::an

}its £u11 power cepebility nor can it be effictd“ Ii] Aﬁluiteble

and to reduce nonlineer dietortion to. required o lpecificationl

reedforvlrd lineerisation is #n effec;', _ ;‘_ireduction :



" mediv

H.S. Black [4]1, [5). The cepabilities of feedforward correction excegd
those of feedback, but at Low frequenc es the extfh complexity and cost
involved are normally not warranted.*At microwave frequencies where A
feedback path length becomes an appreciable fraction of a wa(elength
stability and bandwidth problens render feedblck impfactic 1 On the
other hand -feedforward correction is very ettrActive at Vigh frequenciea,
since it takes coghi:ance of time deleyl direct1y~- thet9 ie no need/to
reprocess or recirculate a cignal once it has_ paesed through the amplifier,
thereby assuring stability.‘The easentiel prinoiple of feedforward cor-
rection is that the distorted output signei %t.tne main amplifier is
compared‘with a deleyed‘aaﬁple of the input signal to derive an error.l
signal. ;iﬁe anount of delay is equal ‘to that of the transit time of the
amplifier and assoclated circuitry The érror signal is then smplified
‘and injected into the main signal output with the appropriate time delay
needed to cancel the noncoherent noise and distortion previously intro-
duced by the nain anplifier.. |

By using nicrowave integrated-circuit (HIC) technology as well as

|

\low-cost eolid-atate anplifiers, thc coet of feedforward correction cah be

educed to a- level at vhich feedforward amplifiers can conpete with con-

leb1e for ndcrownve power generetion [8] Specifically, the o
diode (acronyn for IMPect ionizetion Awalcnche Tranlit Tine)
beins elployed widely es the active device in low-cost, low- to .

&
power nicrownve oscillatore and onplifiere. Indic;tions are that -

i
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¥ “this trend will continue in the foreseeable fufure\;;;\\\\ -

Bowerl [10],anouzit.othe{e,.deecribee the adventngeo nnd
tions of using IMPATT reflection amplifiers in microwave ayotens. As ad-
vantages he iscs: higher reliability than conventional travelling-wave
tube (TWT) amplifiere; higher pouer,et higher frequencies than.trensietof
amplifiere; also reaeoneble bandwidth (typically 500 MHz) and gain (typi-
cally. 20’dB) As dieedvantegee he cites a hign¢£ noiee figure than 'for
Gunn diodes and trenoiet‘te, and a,prohibitively low gein—bendwidth pto-
duct £or some broadband applicationl.‘ - . | ‘

A narrowband stable IMPATT-diode reflection amplifier will be
used here:for the main amplifier in a 6-GHz feedforward correction eyeten,~
Thie theeie preeentova'study of the reduction of IMPATT anpliﬁier dis-

9
tortion through feedforward linearizationm.

1.2 Thesis Objectives and Approech

- The theofetical objective of hio theeie ie to develop a suitable "
T

thenntica] model" for the "feedforwnr IHPATT aqp]ifier"; The no‘hl .
must be able to predict IM. distortion of both the IHPAIT anplifier iteelf

'and of the IHPATT lnplifier with feedforwetd correction applied, eince

KIH distortion ie 8 convenient gq\ge of enplifier nqnlineatity.

" The experimental eins of this thesis ere 1) to check the devel-

f~f oped nodel and predicted reoponse,\mnd 2) to etudy the effectiveneel of -

- the feedforward circuit for reductioh of - -nplifier dieeortion‘ Tbio

:'latter etudy involveo deternination oi the. doninant pnrenetero of the

\ .

) ' 11~f"dforuerd e-plifier, the verioue cradeoffeamonget then fo: bent '

. ‘linear anplifier reeponoe, lnd the degree\of lineerization uhicb een be o

A




~ Microwave tvojgerﬁi;eidnegetive-reeietence devices, such as
" \ B ' '

IMPATT diodee‘fnormelly exhibit both nonlinear conductance and non-

linear susceptance et their terminals. The nonlineer eueceptence of the

,ective device together with the eueceptence oﬂ?the peeeive circuit loed

are responidible for memory effects: the current flowing through the

active device ie not an inatanteneoue'function of the epplied’Voltege

accurate matfematical model ehould!deecribe_both the ennlitudeé and
phase nonlinearities observed in microwave active devices and circuits,

and the resulting IM petformance.

In the 1itereture, several edfor the active device and ex-

ternal citcuitry have been developed. éan der Po renreeents the non-
linear active device einply as a linear negative conductence -0 a
constant f° such thet i= -av + Bv3 Such a memorylese power eeri:e repre-
vsentation of the device terlinel voltege-current reletionehip does not.
euffice at high frequenciee where’;enory effecte muec be included Hinel
[3], Kuno [12] and Berceli [13] enonget othere, model the ective device
as a nonlineer conductance in shunt with a nonlineer sueceptance both
described by Ven det Pol - type cubic nonlineerities. This epproech ie
fine for mll— to mediun—eignal single-frequency (cW). exciua’l; of the

device but the«nonlineetities are not chetectetized edequetely for la ge-

’_signal excitation or nultiple-input IH dietortion teet eignele. Heite
A [14] extends the conVentional anplitude pouer eerien expeneion to incl\.e
Ad~ordef43ependent cine delnye repteeencing phele nonlineetities. Since the E
| ereneteru of Heicer'e -odel do not rele:e directlj“to phy;éeel device
ere-etere, euch ee the adlitgfnce of the ective regi ﬂ%f che device o

’ .e., che electtonic ed-itteﬁgi), the ' ’“f.the per-neter-

greetly vith the Inaeurelent,procedute.: Beicer,e nodel.tﬂue ptecludeevi

k;)




its spplicetion to arbitrdry signal exeitation, but 1is adequate for a

> given IM distortion measurement techniq e. The describing function repreé-
sentation of nonlinear microwave circuits [15] does not reedily allow .
rmodulated signals to be anslysed “In addition,.it is laborioue to measure.

‘ the characteristic describing function, and applicstion of the method to

| most circuits with memory elements is difficult. ‘The mathematical models which
‘are developed in this thesais feature 1) detailed and accurate represents- |
tion of device charecteristics, including memory; 2) simple measurement

',of relevant device and circuit parameters, 3) simple analysis of two-tone A

V'IM distortion test signsls.

It is assumed that the IMPA
tuned so that it is stable. The word table is taken to meen three things.

1) there are no free oscilletions in he network; ) there are'no integrdl,

Amultiple ubharmonic responses ;. 3) there are no’ bias-circuit oscillations\A

IMPATT diode electronic sdmittance. The nonlinesr circuit is. then anelysed

' using the time—invariant functional series known as the Volterra eeriee [16?

., ]
‘The Volterra series consists of a eet of time-domsin functions which ere '\'
|
i
}

f-terned nonlinesr impulse responsea or Volterrs kernele._In the frequency- ) i;
‘ domain, rhe VOlterra series ie cherscterized by a seu of nonlinear trensfer
'funetions which are multidimensionel Fourier tranefo;me of the Volterre ker—
:nels. The complex nonlinesr trensfer fumctione sre determined from circuit |

. .anslysis of the nonlinear equivalent circuit of the a-plifier. Prequency— "5

Pl
[

Sl v
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'dependent IH diaCOrtion ia predicted\from 8 knowledge of these nonlinear f
. transfer fumctiona. The Volterra aerie model 18 then extended to represent

the feedforward amplifier and to predic the reduction in ™M diatortion
‘as a function of. its doninant paraaetera;

In the second appsoach, the IHPAiT emplifier ia modelled as 'a
parallel connection of-paaaive circuit admittance and nonlinear aetivey~ '
'rdiode admittance driven by a é;rrent generater. Thereamplex”nonlinear
differential equation deacribing thia nodel is solved numerically for
steady-state m distortion uaing quaa:l.ltationary analyaia. The mo\del
is then extended to deacribe tha feedfprward amplifier by treating all
circuitry external to the IH@AIT amplifier as linear and by applyins
linear circuit ‘analysis techniquea. } ' ‘

Each of theae approachea reliea on ;n §Ecurate knowledéefof,éhe'
”nonlinear IHPATT-diode admittance.\A method of accurace meaaurenent of
large—signal.IHPAIT—dioda eleetronic adnittance is develoyed and aach
of the above nndela are baaed on the ﬂeasnred reaulca., R |

Intermodulation diatortiOn is meaaured uaing tha tWO-tone teat.\*;~"

h

‘This nethod, a1though~not ceneluaivqey diagnoatic for\deternining coInu- -‘2 

- nieatioaa aYiten ‘real diatortion perfornance, 1a couveniant for both

f'analyaiarand‘neaaurenent,ianiyia_iq +i&elpread uae [16}, [17]. [18] e

»
v 0 L V. e ? N

r,_l 3 Iheaia organi:ation . *""

s . e |

o Anplifier nonlinegritiaa and kheir effectl ara,diaculaed in ”
f'Chapter 2° s aurvey of a&ailible aafhoda for diatortion teduetion ia-pra-k -
A 'aented and the priucipla of facdfor'ard corrcetion i! allo a:plained.; ' i
._,Reaulta and detaila of the lltzg-lisnal adlittanea Iaalurelanta of IH?A!THfT
| idiodea are eontainad in Chayter 3. !he valterra aeriea approach to noaal-{a
. . ':ling t:he D!Pm-andfeedfozward anplifier'il davelcpq} in ﬂrapter lo'

. e PO
Lo




'with ‘that predicted by each model. Chapter 7 -ummarizes the work and -

\ &. o . ! ‘ -

- theoreticnl IM distortion performﬁute, bnsed on the Voltq'ie series,

. 1is presenced Chnpter 5 1a concerned with the second modelling approach'

Ay

the nonlinear eqpivalenv circuit in developed and the procedugg/for
W

numerieal solution of the nonlinehz differential equation is dven. T

-

. ..».., P -

Alno, the predicted IH dincortion 1s prelented for the second’model.

In Chapter 6, the experiuentnl feedforward IMPA!T amplifier and test .-

.bench are - described Purther, che meaqured IH diatottion is compnredt’ :

\

diucussesvconclugions druwn from the xeqults of Chapters 4 to 6. Areas: .

6f future desirable research are also identified .

\,.' N . . .
S
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- 1ur, ucciou mnﬁu.rnu tho wain iduo prucnted in t:hu clupt-r. e

&
L o .
IMPATT AMPLIFIER DISTORTION AND FEEDFORWARD CORBECTION
* . o . ° o ' o ..( ' .

. This chnptur provid.u tQQ.technical and hilgoricul bgckground for -

.21 smopu- ~ B N

»
general conceptn involv.d in 1ut¢r chaptern 3& ptelentinj che-c prelinin-

ary results it is hoped that the rationalc for the runtch wﬂl bocone

& ~

clur.

The effcct of nonlinuritiu in upl:lfier- is diacuned in general ‘

terms in Sactiou 2. 2 'rhu Types of d:latottion. bot‘h lineat nnd nonlinnr. -

. which ariu in practicul uplificrl are explained. The intcmodvlation

- (m) distortion product, and tho 1ntorcept point ars defined in Section 2.3
X3 mvan‘lent cr:tt:crin for uuuipg npl:l.ficr nonlinur;lty. rolloving a
:brief review of I!!?ATT d:lode operution and of I!IPATT-d:I.ode nplif:lerl, "

the Mytortim ptoduced by s utabh DQATT-diode nﬂection npuf:lcr is

ey crlbed m Sect::lon 2.4, s.m::lon 2 5 coma:lu a litzcucure lurvey of t:hc

avdluble -athm for the rcduction of the effect- of noﬁ;inuritin in ‘
[4 \

'r'éx

- nplif:hrl. Iﬁ Soccion 2. & - nw technique. feedfoznrd é.ortection or-

lineaxiution, fot the reduction of uplifier diotortion u ducrﬂud. 'f’he .

\
2 z W‘ o! D:Lntottion Ptodueud by A-plif:ler Nonl:l.nur:l.tht e
m output niml o! au 1&0:1 npuf:lu :l.l an cnlmcd cnct

L upucu of. the Appliﬂ! ﬁmz u.pu ermm-d i tini !hys:lcally, ouch .
- an :wul nuu mnﬁ.‘t mt b- rulubd cinea mlincatit:l«et md

dicpaminn cn :lnhcrnn: t.q m dagru :I.n 111. apmhr cupountc [19]. .
Ww & X N
At ugh tuqn(uma. upuﬁm}




jdde to the‘effedt’of?dietributedi reactances. Various types of distortiom,
bbth'nonlineer and linear,. occur in en'lnplifier due to its nonideal
chatacteristics. |

_ Nonlinear diuortion is ceueed by a nonlinear output amplitude-
and/or phase verietion with 1ﬂput l%gyll level. Nonlinear amplitude’
(envelope) distortion [19) il shdwn 1n. Fig. 2.1(a). Here, the output
power and gain of the llylifier are dependent on the eignal input drive.
This nonlinearity ceueee AM canpree-ion eince the anplifiex w111<ihange
;the depth of AM. In eddition, when signals of different frequenciea and
power levels are epplied such amplitude nonlinearities reeult in
hetnonic distortion (generetion of eecond-, éiird-, or higher harnonics
Y the applied input eignell) internoduletion distortion (generation

dof lpurioue,eignels within the frequency band -of the applied eignale),
" and enplitude cro.l-odq%etion diltortion (tranlfer ‘of AM from one input
‘ signel frequency to enother) 120]. - T - | -

Ncnlinear phase dietortion [19], in which ‘the relative ﬁheae

X S

shift through the elplifier 1e a function of the input aignal drive, ie

5

shown in. Pig. 2. l(b) Tbil causes AH-to-PM converaion because the aqpli-

‘fler vill 'troduee e'epuridnq ?Hlon en'input AM eignei‘vi;h-no,ddfinite.i
' bhaqa re at}dﬁ‘hefﬁeen tﬁe fvd types-of -odﬁiegioni Pheee'épﬂiiaeeritiee '
also preduCe“ftiquency-dependenﬁ heilqnic end-infer;oduletidd»diatortios,

and pﬁeee croeiioduletieq‘dietegs}ep (trenlfer_of PM to 6nefce:rierdfropf

AH on enother clrriet)

An euplifipr 1ntroducee lineex dietortion through the dependence

of ga:ln -and phue eh:lft on fnqmncy 1: u celled "linear d:letort:l.on", o

&)

B
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Figure 2.1 Types of amplifier distortion. (a) Nonlinear amplitude
.27 77 (envelope) distortion. (b) ‘Nonlinear phase distortion.
(¢) Linear smplitude distortion. (rl) Linesr phase distortiom.

/
/ N ) o -

o




shii&—atﬂth input . signnla [19] Linear anplitude distortion and lineur
phase (or g oup-delay) distortion are ahown in Fign. 2v1(c) nnd 2.1¢4),
‘respectively Such variationc of gain or group delay (defined as -:d 0/dm)
with frequen produce AH-to—PH nnd PH-to—AH converdion.

| ‘these effects can be-present in an amplifier, to a grenter

or 1esser degriee, even with signal levels low enough so that the single-

tone behaviour|of the anplifier is . easentinlly 1inear [20]
2.3 Evaluation bf Amplifier Nonlinearities

2.3.1 Intermodul tion (m) Distortion Product

Intermod .lation.(m) diotorticn scrvea as a convenient neasure
for cpecifying the upper limit of dynamic range or the maximum nllovable
" distortion of an
‘ulation of amplifi rs for .-nultiple carrier systm in which IM perfor-
mance is inportant. A recent panel secsion ['17] came to the conclusion-
| 'that the{ only t:ruly relinble aignal to. telt for M distortion in coﬂu-

nications systems is the: real-life signnl. Hovever, for the purpose of

device characterization, nultiple-tone teots norlully auffice [14]

- The infornation gaine fron a two—tone test 18 nlnont as ueaningful as

from a three- or highe -tone test since t:he dat:a breaks down in a,n actual

| system under real-sign 1 load. ‘Hence for oinplicity, balmced two—tone

lifier. It also has practical significance in eval— ’

11

Vtesj:s will Be used “for . onlinenrity teoting [14], [18] 'ro be noi'e opeci- ‘

fic, the ratio - of IH din orcion t:o tho dooired output wbeu ‘two equnl

' nagnitude signals are ap lied in tln pucbnnd of the nplifier is a
-Vneuure of ita lincarity. . ' ' .

'me tvo-tono test ignal nllon the mlyaio of uplifier non- :

linenritieo to be treated i-ply,. COngidcr. tdlt oignal conlilting o'f .

RN




a pair ofrequal-leve1>tonuo,_at:frequencies' fi and'f2,1wh0le frequency

difference Af is small compared vith their individual freduenciel.

) Uhen these two freqpencies paso through the nonlinear device, additionalp»

,

ftequencies are produced The output will contnin conponentd at adjaccnt

-

\ 'frequenciea

fn = Ipfz t qfll [ p’q - 0’1’2.3’ LR . ‘ ‘.: ‘u" (2-1)

where n = p+q ia;called the order of the diatortion product. The varioup,5

IM products will have different effects in different systems. For ex-
anple, even-orde* producta, luch as the lecond-order product (fz-fl).
cannot appear in narrowband l;ltems unlega the ratio of che highes: ,
.frequency (f2) t the lowest frequency (fl) is at least tgo to one.

| This case is exc] uded for Af<<fl.f2. Odd-order productu appear in the
:paseband regardl 88 of the frequency ratio. Consequently, third-, fifth-,
" and, other higher odd-ordet products prese‘t the great st problem in
narrowband anpliliera luch as IHPATThdiode anplifiers. e third- «nd

'fifth-order prod+cto are eapecially 1Iportant becauee the Ade neerest

‘the original fre ueneiea'and unually,doninate the diutorti . For f2>f1, -

th;rd-order dist rtion productn appeat at 2f2—fx (upper) -an JZfl-fz
(lower) while fif:
and'3£,-2f, (low

e Thirdeor
of-tﬁejeurput; _er a: the third—order produet (Zfz-f ) ot (Zf -f ,'to

~ the outpurfpover at one of the fundlncntal oignaln f or: f

hY

a

i+ 0 1

.‘;v.-

12



){ - . T
Similaély,'tﬁe £1fth-order diatortion, iMs, may be defined as
. . ,":‘ ) ‘.“...

M. (dB) = 10‘-108 lmlitude of fifth-order distortion groduct in output
5 A-plitude of fundneutal s:lgnal :l.n output .
- (2.:3)-

2

The quantities IH3 and IM will be uned as gaugel for amplifier non-

linearity.

2.3.2 Intercept Points - .

«

" For conpariaon of anplifier distortion performance, a common -

¢

. figure-of-merit is the n h—order;intercept point, Pn. In a well-behaved

-

_Emplifiér opetatiug in tug'lnall-aignnl regiou,_thé linaar output com-
,ponent has unity slope, .and each nth-otdet-outuut hau.ulope n,‘uhen'out- :
"put pover 1n dB 1s plotted againut 1nput power (for each- tone) in dB.

‘The output powe_r at which the tangent to theﬁ 1\_1:1;& r;:;'onae :l.ntercgpte '
the nth-brder teapunée, boeh driwn'in the 5-.114§1§ua1 tégiud;:iq called

the nth-order 1ntercept P [14] The larger the value of P n? the ieu's J
nlportlnt the nth-order nonlineut reopouae :I.s for the auplifiet, relative. ‘

.to the linéar reapme. Heqpe the h:lgher the mtercept value, the more

linear the anplifier...E:

2.4:Some<PrOp¢rtie- bf IM?A$T puqdc§“.nd of;s:.bleiInrAtT_An§1i£1§f§' '
- ' ‘ S o o . R . :
-2, 4, l Snnll—Signal Jﬂﬂﬁtrb-biode Chatactetintics

An IHPAT'I d:lode 1. u two-totiinal ddv:lce vh:l.ch duplm negnt:lve
| teautmce :Ln the nicrmve frequcney band. Tbe nicrou:ve propertien o

| of RIPATT diodedi:,huve buu di.cuuad utm:lvely in the l:lte;ature-
referencu [22] to [25], nong‘t othera, give r:l.gorous mll-oignal :

ianulyaes of the dcv:l.ce, tefem [26] prov:l.dec a ainpler treauunt along

‘='_Dwith basin applicationl Conoidetatiou of :7e diode propoced by n.ad [22]

Lot A-

R
S,
Ty
/

. . L TN




| J : J
illustratea the proceaaea vhich lead to nagative resistance.,

~ The Read diode,/rig 2.2(b), consists of a narrov avalanche region A

at one end of a relatiyely high reaiatance region of vidth "D terned the
drift space. In nornaI operation. “the diodemia'reveree-biaaed at tbe dc
breakdown voltage VB’ given in Fig. 2.2(a). Application of a anall ainu-
ooidal RF voltage vy (t), in Fig. 2.2(d), causes avalanche nultiplica-
tion to occur in the avalanche region when the total diode voltage

Vg + er(t)I exceeds |VB| The reaulting excess charge builds up alowly
. at first and peakaaharplywhen vnr(t) ‘s zero as in Fig. 2.2(e). The
vavalanche current 1inj(t)’ injected into the drift region thua lags |
VRF(t) by 1r/2 ‘'radians. The direction of the electric field E(x), i
Fig. 2 2(c), is such that the injected charge, holes in this caae, drifta
to the righn at saturated velocity, v lat’ ‘in's tranoit time T= WD/ sat’
The injected\charge traveraing the drift region in a conatant ele:?ric f

‘ field. induces a current : (t) Fig. 2. Z(f), in the external circuit.f
Depénding on the frequency 0, the combined delay of the valanche proceae'
Aand ‘the tranait angle wt acroae the drift apace together cause the external
“RF current to lag the applied RP voltage by greater than w/2 radians. Above
. the avalanche frequency,, ‘%he diode auppliea RF energy to the external
~'circuithand the diode diaplaya a negative resiatance, below wA, the com~
bined delay is lese than r/2 radiana and the diode haa a poaitive reaia-
tance.;-,-~7 ‘.‘ | ‘ L
For nornal !hPAIT Opergti// sbove uA, Gilden and Hinea [23] found

‘the diode electronic adnittance (adnittance o£ the active part of thc

diode alone), Ye, to be
A
R O R A (28

g
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(a)

k)

X

| (c)

(d)

e [ e [0 \

‘ l?:lgure 2, 2 m diode opemion. (n) '.l‘cniul I-V chcuctorin:/,: | S
L e junction. (b) Read diode structure [22]. (c) Blectiic
o field profile.. (4) Applied RF voltage.. (e) . Avalanche 'curr nt
B -of current injected mtn :mtrinsic rcgiou (f) Induced e
cnrtene.



susceptance. In

current Idc (lll

the RI‘ signal npli ude.

\

2.13‘;2 I‘._nrge-Signnll ATT-Diode C‘hnrnctcristico

' 'l‘hc mll-;-si 1 Rand uodel cannot cxpla:ln the nonlinear cffcctn
which occur for h:l.gh drivc lmll. 'n\c 1nhcrent device nonlinear:l.t:iu
cause the clcctronic ac ) ttlnc. to bo dcpcndcnt on the RF voltngc mgn:l-

tude Vm, as wc11 as on rcquoncy nnd on bias cun'cnt‘ 8o t:hnt -

R (i»,x oV "

The lnrge-n:lgnal clectroni ndl:l.t;nncc can be prcdic:ed by conputer

colut:lon of the Pohnon'c d continuity cquat:lons for holel and elec-

_trons wich\

: stud:l.u on k—bnnd dtodu {27}~[30] are lt-nrized 1n the curves fot :

.f,Y (m conltnn\t Ide,v”) 1n Hg » 2 3. It can- bc uen thnt for constnnt u,‘

I-G | dccrenﬁa nnd IB | 1nct ises ad.th :anreuing Vop- Increuing Idc '

‘ _tend- to ohut t:hc curvu ! to hc I‘ft, to thc region of lnrger ncgn—

e lull-lignn;l nodel G nnd B vary with the bias ', »

4d conntant) nnd frcquency m. but sre not dcpcndent on

(u, Idc,V ) + jB (w,Idcﬂu) . Vo (2.5) :

t.hc npp?rintc ‘o\mdnry conditionl 'ryp:lcal reaults of such‘

16

tive clectrén:lc cunductnncc. In >1g. 2 3. ! in n typical locus of the.c

ncgnt:l.ve of thc circuit nduittln ‘ al: thc diodc electronic ndn:ltta:lce '

' ':etninall. It un be u..a m s.c :l.on z.¢.4 to apuin quaq bc- T i
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l'?igure';z.al . Typi

-a given dc bias current '[30].

cal IMPATT-diode 1a 'gév-l:l.gnal."qlectronii:” admittance for

8

..// . S

4 zetinction mplitiar.

':\> DRSTRR
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e
P

. anplifier 1s‘Sown in Fig. l 4. The circulator~ia thhirea to aeparate
the input bignal, incident on the diode, from the anplified aignal, re-
flected from the ‘diode. The paaaive two-port netuork in Fig. 2.4 includaa
‘the inactivevd ode adnittance, theepackage paraaitica, an,inductive
reeonator to \tupe out the diode- and package capacitive reactance at tﬂuP
anplifier centire frequency, and an inpedance transformer to natch the

n

trananieaion line adnittance, Yo, to the active diode admittance. To ’
f

increase the amplifier bandwidth nore reaonating aectiona may be added

hAVing the same centre frequency but different reactance alopea with

frequency. Each t -tng resonator requirea an impedance transformer to

natch the input impedance of the next reaonator. In coaxial ayatena, the 4

* tuning reaonators are ueually seriea eectiona of coaxial 50-Q trana~'
niaaion line, the .ﬁ-r.-ce invertere are ueually quarter—wavelength
A transfornera of lower\ 'aracterietic inpedance. Hinea [3] preaente a

aimple analyaie of ae le-tuned amplifier together with ita lingle-

frequency nonlinear b -av our. ‘».i” by

"u N

.

2 6 4 Nonlinear Characte tica of Stable IHPAIT Anplifiera
.\"' A qualitative exp‘ . tion of the nonlinear behaviour of IH?/TT

\

anplifiera 18 given by Lat-- and Haddad [31] baaed on the device-circuit ,

: diagran,g%ig. 2. 3 and the qx tion for anplifier power gain'

flection coefficient, and * den t conplex conjusate._ ;fw

o

vidth propertiea of a typical anp i r. Laton'and Haddad [31] relate

Figure 2 5 preaenta the '{‘ e ahift, gain. aaturation and band— :

—_— .

9

g :_d'-i: 2. A )-r o T
Ir|* = - - (2.46)

SR ’c*fe o (-Yc) 4,?”/ IR
and Y have been pr ly defined,l‘ie the voltase vave re- :_
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chevdxiecionof.geic.witb fredeency and R¥ drive Ie§e1 to cheidieteece‘
: between citcuicv(negetive) egd7dev1ce operetiegjpointelin.Figk 2.3,
* according to fthgimiae;relacionship;gi en-in-Eqn: ‘('-.2;6).—‘-11;&1:‘&13- SRR
‘cussion. is Iengtﬁy and will not be repeated here. Kuno [1ﬁl»o%taine fé;.
eults similac'to Fig. 2.5. In euniary; as thelinput<eigne1 ievellihcreeeee,
:the amplifier gain de;;eaeee, the bandwidth increasee, and the centre
._ freiuency ehifte4to tbe iowet eide of the p;eebend. The downward ehift _ —
of the centre'frequency ney-reeult in gain expane!on with increeeing :
input drive level at ‘the lower half of the peeebend for a high—gein,_
nerrdwbend amplifier. ’ ’d(.
Trew et aZ,‘[32] exténd ihe_anelyeié ﬁqveiplain a Low-freQQency_

do@inance mcchae£§m~in which lew~ftequency eigne}e are Smpldfied me;e d.
‘than high-ffequepcy eigng;e-depehdihg-oeetﬁeif7iocetioe}feieifve'to':he .
amplifier ﬁeesbend;‘The euthdre e1ee foundechat‘1ncrceedﬁg;the fteqcency.t -
eepetacien betweee tﬁe'fuudenencel‘eignele tesulted’ieuieee intecectioe'-b
’between them such that Lhere ‘were fewer intetnodulation producte generated.

' Othet nonlinear effects occur et high eignal levele. For exenple.
'-h_stability prdblems may ariee aince negative tenistunce can be 1nduced
"'under large-signal conditions at a subhet-onic below the evelenche fre— i '
,;quency [33], pronounced decreaee 1n gain cun occur neer'nidband n- 1n .
frigc 2. SCcJ [34J, ot epurioue "pcxnne:r oecillecions»nny eppeez when'feee'y'
1the eignel excitation e:ccede e criticul value thet ie of:en belov‘!he ,“..
d?7power-eeturetion point [35] Por purpoeee of enelyeis, 1t ie eleuned in?.;'”
thie theeie chat a-plifier tuning candicione and eignel levell are euchci
‘f_that theee nonlineer effects do not occur. L PR )

The nonlinecr cherectetintice of IHPA!TLdiode nicrowcve.enplifiete_d

. give riee to the -ultiple dietottiun lechunicmc outlin d ec the beginning




.,authora have reported [32] typic§g~neasured third—order IH produ ts in

‘ the large-aignal region. Such high IM products do not meet

i

of this chapter. Of particular importance for AH communications systeme-

is. the level of ™ diatortion in the. transmitter power anplifier. Several

S

the range 10-20 dB- for a ateble X—band IHPAIT amplifier opereting in

fed .

specifications for most SSB-AM syateme For instence, a typicel require-A~

’ment in microwave AM systems is to, heve a trannmitter which cen deliver

1 Wof output power with all the IM distortion producte down at . least

_SO dB from the carrier leugl [7] An effective technique muet be used to y,

reduce nonlinear distortion produced in an IMPAIT amplifier to stringent

"system speﬁificatione. , ' .“‘;‘ 3i o _Qf _#;,

‘fVZ 5 Sutvey of Amplifier Linearization Techniques o

The eiuplest and most obviout technique termed "beck—off" [20]

- [36], to reduce nonlinear distortion to a tolereble level ie to operete at .

pover 1evele well below output eaturation, es in Fig. 2. 6(4) The

: effecta of nonlinearitiee decreeee aa the input eignal level ia reduced

'i-In fact, in a well-behewed enplifier n‘h-order dietortion producte vary

vattltimes the rate of the input signels° i e., nth-order dietortion pro- :

'-ducte are lowered by n dB for every dB of inputgpower reduction [37]

The emount of 'h-ck—off" repreeente a. corresponding reduetion in

o unpiifier efficieney (dc to K!') uince “dc“"epereting conditions nuet be

'tranlfer function of the euplifier, Figi-

5 nainteined at the original levelsi Benap, thie sehene ie uelf-defeating.‘

‘pqunlizetion ie enothgr nethod of reducins nonlineur diltortion

w138] [40] The nonlinear cherectetintice of the anplifier ere conpencated

;by cai%eding 1t with another tuo—port dqviee heving the inve;et nonlineer i e

'..G(b) For prectaﬁpl purpolel,

s E by

'it is very difficult to conetruct e deviceJhnving the esired inveree 'f?g-»' L
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'(although limited by the 20-MHz passband of the video auplifier) nay .

_cause diode burnout or a’ shof%er‘operating li Q

v

4

nonlinear tranafer characteriotic, at least over the wide dynamic range
common to pover amplifiera Furthermore, ‘the device must not change the

spectral content of ‘the amplifier input signal Thia ‘ig-usually an im— -

v

2]

possible constraint

"In 1973 Kouizo et al. [61] reported on \he improvement in nonlinear
distortion of an IMPATT amplifier using a diode bias current compensation

technique The diode electronic conductance increases and susceptance

'decreases with an,increaae in bias current with the inverse occurring

for an increase in RF signal 1eve1 Aa a result, controlling the bias.

current according to the RF input level improves the linearity of the

© IMPATT amplifier. A block diagram of this technique appears in Fig. 2 6(c).

.The directional coupler samplea the. input signal and the signal envelope

is detected bv a diode detector Video amplifiers anplify the detected

waveform to give ‘ac bias ‘currents which are auperimpdzed on the.fixed de

bias current. For a 13-GHz, tvo-stage stable IMPATT smplifier with 21-dnm

_ output level and ll-dB gsin, Komizo et al. [41] report a 2-dB improvement

g

in input signal level to reach 1-dB: compreasion (see Figure 2. 6(a)) and & P

-/

AlO- to 20-dB improvement of the third—order ™M product However, the -/

diodes must operate at a higher dc bias level than normal to allow for

ac bias current swings-fﬁypically, the diod@ﬂ must - dissipate 1 1 W of

'pouer more than 1f operated at the rﬁiommended dc1bias pointlrhlso, since

L

IMPATT diodes are cur;ent-limited devicea,’ﬁranaienta in the biao current

L%
a

] The moat conventional technique used fbr amplifier linearization L

is negative feedback Negative feedback waa anal aed in the claaaic text

by_Bode [42]). In_principle, the application of eedback to an a-plifier .

-
e h ot



with gain (Fig: 2.7(a)) involves: eubtracting a portion of the outnut
signal from the input eignal through a shaping feedback network with loss

>B The overall transfer functiou of the amplifier is then given by

vout M

vin 1+uB

o | 2.7
By‘ehaping the feedback network frequency rehponee'h the sensitivity

of the closed-loop system ﬂhnvariatione in amplifier gain u is decreaaed
i the traneient reeponee ie controlled, and . the eteady—stnte error is re-

h

duced [43]. IM dietortion performunce is also improved In fact, nt ~order

disﬁprtion products introduced by a. nonlinear anplifier, n, are reduced
by the factor (l+u 8 ). where un,B are u and B, reepe tively, evaluated
at the frequency of tﬁe ntP-order product [44], [45] the reduction can
. be quite significent/for enplifiers with large openhloqp gain, 1.e.y .
Iu [ > 1. ' ’
However, there'is a price to pay fgr;the’advantagee feednnck :

llinearization hae to offer. frinarily these coats are'a teduction in
'gain, and potential inetability. The gain of the anplifier i& reduced '

the same amount as the diatortion producta, by the factor (l+v8) If
.f

."0"

voltage. gain is required this is a severe diecdvantcge Secondly, in -

a practicel anplifier there ie a li-it to the anount dictortion producte
'can be: reduced beceuce of gein-liniting (19] In no case ie it poceible
to obtcin loop geina (uB) greeter than the difference between the total

) gain u end the insertion gain 1/8. .

L t it is to be noted that Eqn. (; 7) is the input-output voltege
~ gain. The closed-loop amplifier, in genéral, has widely different input
and output inpedance levelc end concequently substantial pover gcin. ]

24
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Vin | werzrim
INUT - | HIGH - Q
S | TRANSMISSION
 FILTER
 FEEDBACK .
" CIRCUIT

R )}
. IF ¢ IR .
- 'SIGNAL AHPLIFIER

l'ignre 2 7 Faedback-linotrised -ynﬂ.erl. (a) Buic fe &back npliﬁcr.’
~ (b) Microwave feedback. amplifier. -146]. (c) Si mens Gubh. :
. 400z feedb.el ulplificr [48] - co



;)// Broadband feedback amplifiers are usually stability-limited

,Stability considetations dictate that the group delay of the anplifier' .
{ and feedback path must not introduce a significantly large phase shift
AN

at any freqhen y within the_passband of the amplifier. To ensure stability,

phase- and gain

rgins nust be specified,_therebyvlimiting the availableA

in-band feedback

At microwave\frequencies difficulties in implementing feedback

linearization arise since underlying assumptions are invalid The inata-.
\\\the "time—smearing process of comparing

. bility problem results fr
the delayed amplifier output with the input signal For the reaulting
ertor signal to be meaningful, the\two eventa must be sg\closely spaced
in time as possible. At ‘low. frequenci 8, adequate simultaneity between
.the input and output is relativelv asy to achieve and instability can

~ be avoided However, at hig r f'equencies the propagation time around

thﬁ’feedback loop introduces e_cess phase shift since the path length

"beco-ss an appreciable frac {or of a wavelqggth [42] Thus, at. microwsve

ack generally c 'not be. used. Under certain

0 ~‘f ifrequencies negative fee

\\\_ iconditions the signal f back qpn have the rrect phase relationship .

"for negative feedback but this 11 work only over a very ‘narrow

“bandvidth | » | 4
’ . Several reports on the uae\of negstive feedback natrowband lin— L
\‘t esrization of TWT amplifiers have appeared in the literature [46] [48]
’Rosen and Ouens [46], reduced ’ third-qrder IH distortion by 13 dB in a

/ﬁ/ narrow‘l-MHz bandwidth 3-GHz TWT feedback anplifier. A block diagran of
;/ .

// their syst- u shovn in ng 2. 7(b) The hish-o tranninion

.



. by about 3 dA third—ordeg IH producte were reduced by

. power amplifier,

2. 6 Principlee of Feedforvetd.Correetion

"feedforwerd teehnology

'1!1ter oen be placed in either the'nein arm o feedback path. mﬁi. filter

is required to prevent instability due to the 1 -ge bandwidth of the

|
and the gropp delay- of the feedback loop In-e sim ler etudy by Bava._
et al. [07], the TWT enplifier 1-dB gain compression oint was extended

dB over a zo—unz

bandwidth at 6 GHz end 15-dB gein...

Siemen anh has developed a. 120 channel, kOO—MHz sistem [48]

employing neget ve feedbeek in a nodified fotm. In this eyetem, ‘the feed—

27

;beck loop surrounds . the entire euperheterodyning trenemitter, not just the ‘

8 in Pig. 2. 7(c) The increeee in gain to’ eompeneete
for, the gein rednction due to feedbeck ie provided by the IF enplifier.

Thie low—frequency plifier cen conpeneete over a broeder bend than the

'high- requency outp t enplifier. Nevettheleee, the eyetem ie etill re-
lative y nerrowbend. . .; oy S ;3'- . ‘..' N

It eppeere then thet negetive feedback ie not 8 realistic neene of

"linearizing a broedbepd'-ieroweve e-plifier. the next eection diecueeee .

regerd.-

—

\¥eedforwerd correction, invented by H s. Bleck [6] in 1924 cen

provide e high degree of enplifier lineerizetion et ndcroweve frequenciee, 3‘
) _‘without the inetebility problene end 1oee of gein eeeoeieted vith feed- :

xbeck eontrol !eferencee [5]. [36] [h9] [51] are’ intrbduotory pepere on

Figure 2 8(.) ie e eehe-etie diegren of Bleck'e petented elplifier.

""=[5] Ihe eignel-eddins boxee ere bieanjusete devicee (e g.. three~winding

s

' a method which is eutrently ettrecting e greet deel of ettention in thie 8
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(DISTORTION e)
(Hz - ul) ;

- (a) :

INPUT - Aurunn OU'rPU'r | nm.u Tz

(DISTORIION c)
(‘12 ol u1)

. DELAY 11_. L

| Fignte 2. 8 re.uouard-conecud qpl:l.f:l..ro. (-) thk' feedforward -
1ifier ‘f4),[51. (b) Seidel'l nﬁ.crovtve feedforvurd L :
nplﬂier [55] [56] BRI .
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tranaformera or magic teea) n which transmisaion‘Occura from.any input
to- adjaqqnt outputa but not t the opposite output The upper amplifier l
“1 in the main amplifier, i.e., the amplifier to be linearized The lower
amplifier u2 ip the error ampli er. Nominally. the gain uy 1s. equal to
the gain “l' The quantities § and € represent first-order deviationai
from gain linearity of the main amplifier and of - the error amplifier,
.reapectively The amplified aignal (containingfiret~order diatortion terma)
in the main path ia sampled, attenuated by e - 1/u1 to bring yt back to v
the level of the input eignal, and balanced againat the undiatorted input E
iaignal to provide an error aignal 6 at’ the input of the error amplifier..
The.output of the error amplifier is subtracted from the main amplifier
output ta produce a oignal ¥y, (1-8¢) at. the output terminal.,Hence the
output has only aecond—order deviationa from the gain vl required and
‘ linearity haa been improved. ) ’f o p7' 5;' d t- BT o 1&
' Ihe advantagea of thie acheme are twofold Firat, the error aignal
. at the input of a-plifier "2 ia nuch amaller than‘the signal at the nain
l;‘amplifier input. This - allowa the error, amplifier to operate in ita linear vff_
zregion, w;ll belou/aaturation, and to contribute very 1ittle diatortion
. itaelf. Secondly, the two amplifier ayatem providea increaaed relf‘bility
' 3 v_'_aince, if the main amplifier faila, tranamiaai\" is uni:fterrupted -throush
the aecond amplifier (but diatortion io not reducfd) -
) Black'a amplifier, becauae oi delicate bal, cing requiremanta ;

A~ Bk
ding circuita, and attenuat'r loaa, operated

\, van Zelat a



feedforward technology since the authors [52], [53] regarded 4t as s re-
dundancy technique rather than as an error-reddﬁtion scheme :
Recently feedforward correction as a method for amplifier leéesrv
ization came to the attention of Seidelﬁ&Beurrier snd Friedmsn [54] with
Seidel subsequently publishing three pspers on this subject (511, [55],
[56] Seidel et al. [56] recognized the important role that time delay
'tplsys in error-reduction schemes as explained.in Section 2.5. A block N
:diagrsm of their basic system is showa in Fig. 2. 8(b) The amplifiers o

' end "2 hsve gronl'delsys Tl snd T, associated with them, respectively.;<-

Consequently, delay lines hsvinh corresponding time delays have been in-

serted in the msin and secondary arms pa‘pllel to the amplifiers. The
':operation of the feedforward ampli ier of Fig. 2, 8(b) is the same as i
Blsck's original anplifier, however the time delay effects, so importsnt‘f
‘ at high frequencies, have effectivel been eccounted for. 5 B

The advsntsgee of feedforward correction over feedback control

&

‘are bssed on the fect thst feedforwsrd linearizstion recognizes time de—ff

1ay'and~that error reduction is schieved by time synchronizstion of ﬁQF

since all signal qéaparison is done in a forwsrd seqnence.iLl[r'h"' .
b v B 2) The feedforward enplifier has o, regenerative (backwsrd) paths f_
so that arbitrarily 1ow distortion can be echieved (in theory) by using o
“mu;tipie-feedforvard,loops;+ 1, e., treating the amplifier of Fig. 2 8(b)

- para11e1 branches through vhich signsls propagate touards a sign

The term "feedforulrd loop denotes a circuit arrangemqg{ of two o
coubining element. T e L -
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; \
as a main amplifier and providing feedforward eorrection around it, and

8o on. In practicek however, the input power must be plit between the

.main and reference path at each stage of the uested am ifier. As ‘a re~ B

sult, the deteriorsting signsl-to-noise ratio in the reference paths sets-

a. practical upper Iimdt on the number of stages.‘ - .

\

3). Amplifier gain is not, substantislly reduced since the error
& ,

reduction is an- additive process o : .

6) Gain—bandwidth is conserved within the band of interest since

'device speed is only that required for the bandwidth of the information

.

.signsl. - e | : : ”' N C R 4.”" X

5) Feedforwsrd ampleﬁier gain and distortion reduction are inde-

[
~

.pendent quantitiea.

6) Under normal operation the error smplifier need only handle

the small error signsls, henee it can be alow-power, low-noise amplifier.

‘;For a well-adjusted feedforward smplifier, the overall noise figure is
| the noise figure of the error amplifier in.dB plus the attenuation in dB
‘of the signal between the input to- the input eoupler snd the input to the
‘error amplifier [56], [57] Essentially, the feedforwsrd amplifier has
‘ the pawer—hsndling capsbility of the main amplifier, and the n,oise figure
.(ususlly 1ow) of the error emplifier. Use of a high-power efkor amplifier

'-compromises the noise figure but provides a fail~se£e redundancy scheme

‘1-», There are four msin disadvantages of feedforwaraﬂ;orrection which

Y 2) Drift in device eharncteristics causes changes in loop balunce

<

iand error eorrection eapability to occur. f

B : [SEIERTE : . c

'

A

Cs
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3) For significant distortion reduction“ e balance in the error-
correctionkloop muet be near the precise value |

4) Some of the main amplifier power is lost

n the output coupler-'
and recombiner

Through feasibility studies: in the VHF and 4—G z common carrier

bands, Seidel and shis associates have proved that these difficulties can

be overcome. Their work on a 30-MH3, 40-w amplifier and .75 MHz, 10-W

amplifier showed that a dynamic range of " 104 dB could be 'b ained by feed—
forward correction [54] Seidel obtained a 42—dB improveme t in the third-

- order IM product of an L-a coaxial system 20—MHz amplifien [ 5] Finally,‘

0

'ségﬁﬁe-stage feedforward correction applied to'a 4-Gﬂz TWT re ulted in a

. 38-dB reduction in third-order diétoruion over a ZO—HHz Lanne -[56] In the”ju

latter experiment, halance of the error—correction loop,

see Fig 2. 8(b). _

in distortion, the gain imbalence of thie loop nust be 5 0 08 dB or the :
'phase imbalance must be s 0 6 degreee; ‘or both.nay»be present ‘to a 1eeser7”'*

e

. 'extent Adaptive control maintained this precisian of balance "f‘ DI
| | Bennett and Clemente [57] discuesed the concept of feedforward
';correction and lieted the following set of" design criteria based upon thef
f.above observations.,‘:d.¢.f,';" ;.’L-,”;fgi Eff»dgq‘ il

L) For. the overell noise figure to. be close to that of che error

amplifier, the input eoupler and eomparator nnst not attenuete the refer—ficﬂ _

: ence eignal appreciably.‘\{fi {tﬁkﬁi7§723i}y:f;?’, l, N 5351: J/i



_ ; é) Feedforward amplifier gain ie reduced byitoe-coupliné'factor

] of the input coupler. Gain—reductionlwill-be significant.fcrqopeiﬁum:low- .
| noise performance given by 1). However, output power level, " in general, |
‘.is more important Chen amplifier gain, so overall gain loss due to the

cholce of input coupler is 1ees_important than loss of power due to bdth
output”coupler and recombiner. The ouCput COupler and recoﬂpiner coupling :
lratioevehould be chosen to attenuate only oligntly the main amplifier‘outf. \
put signel whilet'ellowigg:the error‘emplifierlto operaee at emall‘poﬁerj 2
levels. | | o ‘ | ’ |

3 The parformance 'of the amplifiers and other required components
.

3

’

“need only be specified oyer the frequency range ‘of interest.

As a practical _ le, Bennett and Clements [57] conetructed a

9~GHz feedforwerd enpli ier. ueing tWo TWTs. Intermodulation prqducta were
reduced by more then 20 dB over a IOD—MBz bandwidth without the use of
epecial edeptive contr4; for loop balance. . , in : ‘ _

- In ‘assembling Lheee working eysteme, Seidel et al. [54] and other

‘l independent reseerchere t‘{S’l‘] shoued that feedforward correction is a feasible
. technidue for reduction of anplifier distortion. Indeed, it was used to

lineerize a a-cﬂz eetellite IHT [58] and a 1~MHz operetionai amplifier _

l59J Hﬂyef et dl- lﬁﬂi caultructed a widebend feedforwerd anplifier .

in the frequency ranse 33—300 an in thin—filn hybrid form' third-order
_IH distortion was inproved 20 dB at 300 Hﬂz. A great advence in feedfor-'»

werd technology wae.nade by . Hhieh and Chen [6], [7] They fabri--“» o
' 'cated a 2. .2-GHz feedfom mplifier eyetem m thin-film hybrid form

using,nicrowave trcnofitoro, an RF g"_ of 30 dn with 1525 W of output

-power and distortion producte 50 dB down from the cerrier Ievel over a

100-!&: bamduidth uere reported.oréedforvard cofrection holde ‘the greateet

¥



promlse in micrawave integrated circuit form, becauae system complexity
and added coat ‘are no longer a problem. In addition, the use of similar .

| componenta; eaaembly,techniquea ‘and comuou heat sink allowq component

rameters which drift to track ome another. Quite '-precise loop balance,
can thus be sustained. ' u.;’ - \/ - ‘ “_

.27Sunnary ’ o -

e

IHPATT—diode anplifiere ‘have great promiae for use in future com—

municationa aystems. for exanple in 1lo-GHz aatellite ground atationa. be—

»tortion they’ produce. Such diah:on ia inevitable, eince to A _lize the
full poqer capability of amplif:lera, ao required in %e output atage of

a tranmaitter or. reneater, anplifiera uunt be’ driv ato the nonlinear

region whare efficiency and power output are greatest. Several nethoda of
)

K reducing distortion such es feedback equaliaation aniback—off are :
‘ g

: available'v hovever, theae require the deaigaer 'to trade off anpiﬂ‘ier
"'characteriatica, uaually gain, bandwidth or pover. A new -ethod o£ am— -‘; ; 3
':plifier linearizat:l.on, feedforvard corraetion, appears t:o be 8 viable -'.," "; -. ’

¢

» . :_alternative :lnvolving lesu co-proniae in othar anplifier paraneterb
and mconditional‘ htability. _ ' ' '_ S . g
o There haa been aoue raaearch into the effecta of mtem parmtﬂra
on feedforvard anplifier pertoraance. and deteruination of the dominant
».paraﬁetera. Worki“raystena have baon duigncd. To date. the feadfomard ’
anplifier has not bean nodallad auccaaafully, ﬁéitber haa nnyone (to t'he
,. author'a knowledge) reported on feadfornrd correction appliad to . highly

nonlinear atable mrm aqlifier. In th:ll thuu, theu ex;uri:ental

.



" - the effects of anplifiex nonlinearitien. - -' - i

bl

_ and- theoretical investigationo ‘are undertnken 8o that the dvantages of

) feedforward correction can be fully reolized,

,35

Amongst the several nethoda uled to neauute nonlinear diltortion,

the two—tone test has been widely used, It is udbpted here to determine S

third— and fifth-order IH distortion product- and their cort_

intercept points. These'qpantitieu are auitnble criteria for eva,:ating
. =
1
“rhe next chapter 1nveotigates in detail the nonlinear, admittance

_ of IHPA diodeo. Heasured data io réauirtd,for developing tﬂL models of

~the mxm— .nd feedfonurd nmm mplifiets.

P

-

4



' CHAPTER 3

a / ) ,/
. . . . [ ~
cmma—mzn LARGE-SIGNAL MEASUREMENT OF _ . ( .
mAmnxons mc'momc ADMITTANCE - ' S é
3.1 Introduction o o S e

Large-signal charactetization of an IMPATT diode 1s eaaential to
R]

the 1uveatigation of nonlinear phenomena occurting in mPATT-diode mpli-ﬁ
fiers. Several large-aignal theorien [27]~ [29], (61] [62] haye been de~
veloped, wh:l,ch n:e generally a dequate for qulitative analyaes of non— N
linear IM?ATT—diode behaviour. However, for studies of the qunntitﬁfiye ’

behaviour of specific diodes in actual applicatious. the IMPATT diode 8 -

..

1arge—-aignal chnacteriatica must . be neuured, preferubly 1n the c:lrcuit

in ﬁhich the diode. is to be uted. :

o

k~fundllentll probltn 1n the charactertzation of IHPATT diodes »4»?77mi
. is de-enbedding the active chip clecttontc udnictance. fron the pasaive .
“packaging and nomting netvork=[63] The paruitic react;nces,of the pack-f .
Age and -ount have a great effect on citcuit operation. In fgct,‘the
resonant frequencies of the pack‘ge“nor-nlly lie’ within tha frequency

“; ,range over vhich the device 13 active, i. e.. dioplaya negative resintnnce.v

'lhe reault 18 a eouplex, frequency-dependent trmfomtion of the non—’ S \
e linear. but rather vicll—behaved chip addttnnce, into a nore froquency- L
/ }sanaitive terninal a\dnittmca Y nc-eabeddins 1- deaira’ble, tiuce 11: )

"h“‘;i"-‘elialnatu the effects of. th:l. trmfomtlon and allov/' one to uae the 4""{,,;

e .; wl

,',beleccmic adni&nnce Y 1n t:hearctiepl otudiu. u' o j.' , : o
Cona:l.dor an IMPA‘I"I d:lode 1n c typicnl "pill with one prong

"0

, . e

pachge u shown in F:lg. 3 1. cﬁd--duntea :o a coa:ial liue, Fig. 3 2.

[» B

. 'Iha crmforur ut:chu tht gack'aged; ode upedme to thy so-n
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characteristic impedance of the measuring equipment The terminals of

the active part of the diode chip are inncceasible, 80 Yg’cannot be ob-

tained directly; A*nunper of mé a7t0‘dEtermine the‘paesive network

separating the active semiconduétor chip from the measurement reférence:
- plane M-M' in the external microwave circuity have been given in the

~ literature [63] -[71]. hhﬁ;;} in

Geteinger [63] developed the lunped-element equivalent circuit A

£
for the packaged ‘and coaxially-mounted diode shown in Eig.‘3 3. Since the '
|package is electrically snall at the diode operating frequency, the
‘ lunped-elenent model is valid over a‘narrow frequency band. The peckage
terninals A—A' are at the outer surface of the dielectric cylinder in
ot

Fig. 3 1. The package capacitance, Cos includee the geonetric capacitance o
‘between the base ‘and end cap through the dielectric ring, as vell a8’ 3
noat of the etray:capacitance between the bonding wire and the’ mounting
pedestal. The lhlaining fringing capacitance, CF' across the diode wafer
'between the bonding wire and ‘the pedeatal is very small (- a few hundredtha
of a pF) and is usually neglected The inductor, La’ represents the in— '
ductance of the bonding vire. ?h//;os*‘tance of the: bonding wire, of the,f
- diode oh-ic contacta and of the inactive aeniconductor regiona is repre-

' eented by R,. The elenent valuea are found by forward— id reverse- biaa.
.- neaaurenents ‘on’ packaged diodeo, and by a 1-Hﬂz bridge -ensurenent on an
‘e-pty package to deter-ine G Typical values for.the Hewlett Peckard

S-4 package are: Cp ~0 3 pP Lg 0.6 nB, and R!=0 5 Q. Two—port network
o nuiber 2 ia an Lc network repreaentin. the convershon of‘the radial node,
preeent neat ‘the packase, to".- ‘!Il eocial mode exieting aone dietahce
from the diode in the coaxial line. ‘bo—port netug!p nulher 1 1s & lunped-

elenent reactive network tranafor-dng the ter-illl adlittance Y to the

..-Q

o R o Can . : ;:_; . . .
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) Mure 3.3 Equivalent: circuit of packaged diode end-mounted ,
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_-measurenent reference:plane M-M'. The values of the reactancea in. two- f
port networks number 1 and 2 can be deduced from theory [63]
Van Iperen,and Tjassens [64], [65] extended Geteinger I work to
develop an equivalent circuit for -an IMPATT diode nounted in. reduced-

. height waveguide. They used tﬁh package model of Getainger and developed

a tee—network for the tranafornation fron the waveguide iupedance to the

W”packaged-diode impedance dq‘he authora [64] measured small- and large—signal
D
inpedences of IMPATT diodes at 10 GB: very accurately (2%) using an un- -

}usual waveguide bridge ‘cdrcuit. Calibration of thia system is very tedioue,'
. however, and must be repeated at each frequency, making the nethod im- '

practical for meaauring the frequency dependence of the IMPAIT—diode

There ere nany problems associated with the equivalent circuite #

electronic adnittence.

just deecribed.imhe values for.the elements_oeretsinger 8 diode packege; d;
nodel ehould.be'ueesured_’ "eech mounteafdeviceihecsuseiogbto]erances.“
vi.n chip f'abrication‘,'.' and‘erences in diode encapsulation and notlmting.'
| Secondly, theoretically calculated veluee of the package to redial-line

ior waveguide transfornation -ay not apply. The alternative, neaeurement ‘
,l of these values, involves aubatitution of a solid netal duuny package for
,the packaged diode. Such a diatutbance of the nicrowave circuit shou!d be |
.;33lhu.evoided. :”'f o o _ ' _‘ S P_ " e
| ﬁunn and Dalley [66] deacribed a nethod for leaauring seall-eisnel ?
IMPATT-diode electronic adlittance uaing s coaxial circuit end network _:fh L
snelyaer. Decker. Dunn and rrggh [67] adapted the aa-e Iethod to the 1ar3e— )

e -t 3
-~

vie **gﬁbne: The co-binatidl of co-puter data reduction uith network :

. W
o analyeer nhaeunenenta nake thie Iethod repid. Bovever. to deterl&ne the .
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equivalent circuit of' the packaged device, Fig. 3. 3 it relies on micro- ,‘
wave measurementa of three different capacitances having the package shape, '
which w\ere calibrated at 30 Hglz. “The substitution of these calibration

| .
capacitances ia difficult to acconplish accurately.

_ ‘The properties of the package and its mount can’ alao be deter-

' mined by meaauring the tranaformation f:om the diode chip to the external

t

reference plane directly. Gewartowski and Morris T68] measured I:l're—ao-
mittance of IHPATT diodes, mounted as in ?ig. 3 2 by means of a slotted- ». |
line at 6 Gﬂz. ‘They developed the equivalent cirduit of Fig.. 3. 6 ‘
" The, elements of . the coupling network were determined without the use of
‘substituted impedances by fitt:lng impedance data measured at microwave -
} frequencies to capacitance-voltage data measured on.a 1-MHz capacitance .
- bridge. ‘l‘he anthors [68] aasumed the diode capacitance below breakdown at -
. RE. frequencies to be the same as at 1 an, and calculated the microwave ,.
series reaiatance R‘ fron the capacitance. 'lbe accuracy of the method was P
- reported at 62 Iaobe and Nakamuta [69] followed the same nethod as ‘Ref. [68]
| for x-band mPA'l'T diodea. Unfortunately,/ slotted-—line measurements are _
3 .very time-consuming, and speei& attention must. ‘be paid to’ algebraichsign
'when measuring negative reaiatance in this nanner.. ‘ 1 '
- Steinbrecher and Petera* [7OI characterized the coupling two— |
‘ ?-:“port netvork in Fig. 3 4 by ABCD ttananission parametenfa, 'mey used the .‘ P
sane calibration procedure as Gewartmki and llorris [68] but asaumed that. .
the diode has a aeriea resiatance vhich ia independent of voltage. Mea-'.f,

B auruenta of electrunic dlittanca of anATT diodes vere made uaing a

~I

ork analyaer but uere confined to the anall-aignal region.
Ito et al. [?l] alao meaaured the Jarge-aigtun electronic admit- ,

tance of‘an I!I?AT! diodt_umnted;"in .a masuide reflection anplifiet




B

L and operated as a stable reflection amplifier. Waveguide directional e g

circuit.,The ABCD parameterd'of the tranaformation network were determined
within 102 error. by a- leaat-squarea approximation of microane impedance
measured below breéakdokn .to chip. impedance below breakdown aimilar to the

4

method in Refs [68]

For the reasons stated none of ‘the above methods are auitable for ,

adoption here An accurate, rapid technique for the measurement of large—

iv,signal IHPATT-diode electronic admittance as a function of frequency is

developed in this chapter. The method comhinea and refines several pub-'}

lished procedures'.viz, the use of a network»analyser fornrapidity of
{

measurements [66], [67], direct transformation of electronic admittance

@

to device terminal‘admittance [7l] determination of the transformation :

- network without physical disturbanceq%i the circuit [68], and computer

_reduction of . measured data [66], [68] In Section 3 2, the theoretical

' details of the measurement technique are developed. In Section 3. 3 the

experimental test bench and the experimental procedure are deacribed.

) The measured large-aignal IHPATT—diode electronie admittance is presented

b,in Section 3 4 The measurement error ia also estimated. The results ‘are ._j

summarized ih the final section.-

N P .

3. 2 Theoretical Details of the Electronic—Admittance Heasurement Technique

v(‘

; 3 2.1 The. Circuit Model

i-cavity with a single, ahle—slug 4-9 118 transformer [26] (saa Fig. 3 2)

;_*entise artangelent is connected via an adapter to a vaveguide circulator

The IHPAIT dioda‘is end-mounted in a precision 50-9 lk-mm coaxial

'hThe basic block—diagram of the admittance measurement set-up ia shown in .

e frig. 3.52 A bias tee is attached at the input of the coaxial eavity. Ths

)

's..'

,ii_
.



'4@01a 20
ROIoEY
© HALLOV

@h :

* ' SLOVINOD

OIWHO ‘3401

40 SNOIOFY |

FATIOVNI

vusu.u.nava._,uwguumaum Teusys-e818T jo tuuu.ﬁ.nnw.,xoown. n.m ognﬁh B

A

AIVAOVA

40014 ‘30
SOILISVEVA

v |
IVIXVOD | -

R

P

(2%

- W_au.wﬁmﬂaa

S msaTvey [ TR SR

| osamis |

{
|
I
|
!
I
!
|

" XELINDYID IVIXVOD




»

‘aituated inaide the coaxi 1 circuitry of the network analyser. Ite exact

LY
-\

couplers sample the ﬂr input signal, V ’ and reflected eignal V ut”

The network analyser ¢ ares theae two signala and displays the measured

" complex reflection coef icient P from—which the measured’ impedance Z

(admittance Y ) can be ¢ lculated The incident signal power P is also

)

meaaured.
- - Lo S
‘ Three reference pl \e8 are. delineated én Fig.'3.5. Plane 1-1',

the reference plane for m aaurement of T'm without calibration, is

location cannot be determ ed However at microwave frequenciea, "impe- B

dance only has meaning wi h reference to specifit\trgnsmieaion—line

. modes at phyeically locali‘ed terminal planes. Hence it ie required to -

eatabliah the plane 2-2", hrough which power Py is flowing towarda the'

, IHPATT diode and P_ . | ie T flected Yerom the IMPATT diode, as a well- fie o

3

1defined reference plane for impedance meaaurements. Thia is accompliahed~ ,

by measuring convenient known calibration impedancea connected at plane

_|2—2’. ‘Terminal plane 2-2' ia phyaically eituated and fixed at the wave- .

P

'i guide flange of ‘the waveguide-to—coaxial transition. Since it ia deaired
to iaolate the electronic admittance Yo from the microwave network in "
-which it is embedded,,terminal plane 3-3' mnat alao be well—eatabliahed byj;u

ltmeaauring auitable calibrati’n impedancea located there. 1'

ot

An equivalent circuit for the measurement Set—up and diode ia

‘.ehown in Fig. 3. 6 The planea 1-1' 2—2' and 3-3x demarcate the g!hpo-

4

'_nenta for RF signal generation and analyeis (asaumed ideal), the meaeure-

vment syaten, the coaxial ayatem, and the active region of the IHPAIT

Ty R

'diode, reepectively; The meaaurement aysten repreeenta nonideal opera- |
- :tion of the network analyeer auch as directivity errora, miamatch errora, .

o and tracking errors [72], as well ae all the waveguide circuitry betwaen

3



/ : _
planeh 1—1' and 2-2' in Fig. 3 5, e.8» the circulator and directional
~couplers.tThe coaxial system includes the transitions, the bias circuitry,
the" tuning traneformer and the coaxial cavity. It also includee the pere—
sitic dissipative end reactive elements of the dipde mount end peckege.
?Q»and the series reeiatance of the inactive regione of the IMPATT diode°
yiz, the unewept epitaxial region, spreeding and contact reeietencee.

-t ,“ The analysis of the equivalent circuit is baeed on the use of

transfer matricee, or A3CD trenemieeion peremeters [73] Referring ‘to

Fig. 3.6, the waveguide and coexiel eyeteme can be repreeented by peeeive.

'loeey, frequencx-dependent two-port coupling networke Kl[AIB c DI] end

‘ KZIAZBZCZDZI reepectively. The nonlineer electronic admittence Y of the

IMPAIT diode depende on frequency, RF eignel level, end dc biee (Bqn.

@ 5)) The ednittence Y_is the mounted-diode edmittence ‘at reference -
e 'terminele 2-2' looking intp the diode. The admittence Y is.. the neneured
' driving-point ednittance at the network ennlyeer internal meaeurement .

jrport 1-1' At each frequency of intereet, the matr?hea Kl and Kz,,and the.

K 1]

electronic adnittence Y ere to be deternined.
'73 2. 2 Celibretion of the Measurenent Syeten -

| The deterninetion of netrix Kl;»nentioned in the previoue eection,

e

45

"5“ie eseentielly a celihretion proceee. It eccounte fqr the internal syeten -

'.

.lﬁerrore 6f the netvork enelyeer, end the trennfornation propertiee of the
-lcircuitry bet'een plenee 1—1' end 2—2' ‘ .‘ ' _ | |
| Since reference plene 2—2' occure in e.weveguide -ediun, a euit-

-:able celihxetion etenderd thet cen be enployed ie e veveguide precieion-

- noveble ehort*circuit. Aeeu-ing the noVeble ehort-circuit to he virtuelly _f,i_'i

loeeleee, ite reflection eoefficient,_r ie given by. f o jt-'“

)
N ’ ) B .~y 4 . ‘

I A

-~
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\\\ whefe L : g A ‘ , '///

'/

&7

I, = -l-exp (-328%) L (3.1)

\\Q "B om 2ﬂ/k is the phase constant for the wavé/uide "(3;2),",_ L
\\\ g ™ XO/ 1-(3 /A ) 1s the guide wavélength' . (3.3)
X6.3 c/f is the free-space wavelength ° - i 5 (3.4)
Ao = 6’970 cm (1.732 in) is the cut;oﬁﬁ waGeiens:h for
WR—137 waveguide
L o T T T e —
c = 2.998 x 101 cu/s .
f = the frequency of meagurem ﬁt
2 =.the distance the short is offaet from D
With T_ conhected at plane —2' ianig,. .6 reflec-
tiog?coefficignt, f " is given by tﬁp bfiinea;~ ’::_ Wion (74
ke o Ll TP TRREgl
Tg =m0 . . 6.5
; . , . . } ‘ o ,
_clrs * a ’ -

where the [A'B'C'D'] paraneteta are alg raic functiona of ‘the convent-

-

1ona1 [AIH"IDI] pgrameters.lby nornaliziék the IAIB ‘1] parqmetgra tél'

{ \ .
Dl, Eqn. (3 5) can be written u L j S e,
. K R A o . Ty
» Al bt e :

A |
_ : . . . R
vhere ["b'c ] are the noml:lzed parnetera. Fo‘ N offseta 21,!.2, Cesey

_}¥ the uovable ahort, :he neﬁaured reflection coefficientl lre } .

r b'/ S o
rli- '1’ ’. i. 1 2’ ---pN- (3'7) :
- el F. + : . IR
. . ‘" i “
- where . . . . S
P, = g1-_¢£}(-3iéit) 1= .i.,z,, e N 7 (3.8)

8




To determine K [s'b c ] only three measurements of r correspond-'

ing to three different positions.of the. movsb]e short need be taken

J’

(N = 3. However, co improve the accuracy of. the calibrntion procedure,

more ‘than three nessurements should be taken snd the "best“ vslues for . ///,

s

K [s'b c'] calculated To find- these "best" values, the mesn-square error’

r

between the measured reflection COefficient Tm .and the transformed value

of Ty csn be minimized by an optimizntion rOutine. The objective function

.used was _ B ' - o f - : .

U[Ki] -'min..

., o

¥

,Akovledge of Kl[nlb‘cll at each frequency permits sll subsequent

messurenents on unknown impedsnces to be corrected and trsnsformed to re~

[
-

3

ference plsne 2-2' by the inverse bilinesr trsnsformstion | . % f 3
pr--—-——--'--—-—— e . ST : D ; . . ) (3-10) ’ .
ceyly - 8 ' - o
"ﬂien,. ' ‘ N ", ‘_-‘ 'I
2 14T, . P
. 1t 1 (3.11) |
"y o % R & ?' ". . -T'A

where z is the normslized 1upedsnce, referred to plane 2—2' Since
-plane 2—2' is in ‘a wsveguide mediuul it is difficult to deternine the

wh,

nofnslizstion fsctor Z , the chsrscteristic inpedsnce of the wsveguide,.'

) but fortunstely 1t is not requirsd.,
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¥ Co
B Y 3 Determinption of the Cnaxial System Transmisaion Parlmetere H;"
L Terminals 3—3' are not acceasible for the aubstitution of ueuel
calibration standardn. F;cthermore. it 1: deairable to make 111 meaaure* I
ments with the diode wafet in situ. The electronic impedance z of the
“ diode below breakdown voltage can be uaed to detetmine the metrix - '
X [Aznzcznz] L N | | | |
| o In fevetee bias, below bteakdown voltage VB, the 1mpedance of
the acti,ve layer of an IHPA'I"I‘ diode iu [71]
z <v> - n m jtmcdtvn‘l - R.W) - %y W o GaY
'Wﬁefe ‘ ' | o S ' -
V = the reverse biaa voltage (V<VB)
o R (V) - the ceries teaisfgoce of the unswepc region .
‘w = 2nf | ’ﬁ , R ' ‘
d(v) - the capacitance of the depletion loyer.;.
',»Since the active reg;on wideh- (typically 10 nicrona) 15 very small com-
Apared to wavelength a: nr frequencics, the depletion 1ayer capecitonce ¢ ]},1;

is independent of frequency well 1nto the nicrovave region. It can be
" ineasuted as a function of voltage on a conveution:l 1-HHz capaeitnnce y
-L;bridge. Ihe seriea resiatance R (v) 1! colculpted £ro- the low-frequency |
: —V data eccording czkcauaztowski and Horris [68] There are four atepn
m thu couput;ation. EERNERT 2o / e L
- 1) ‘l‘he 1lputity concentration profile N of r.he daplcti.on regian -

‘1c nlculaced au~e-function of distnnc? ﬁran the junction. For the 1th’»

':.volto;e tnterval Avi, the 1npur1ty conc1ntrotion iu'

e -




~

* L 50.°
y 7 ' | rog f' C
vhere = o . L ‘ o ‘ N »
| '._AV - Vi 1 V1 ; for Vi < Vn qw) e .‘; {?“}:-
e Aci " ) - caw oo -
d - junction diamet:er o '(mi.ls) A
"'k & constant = 2,38 % 1017 for Stlfeom. . - G

qi' ' 1alp) - -1ntqu<n,n - 1nm,1

C the ith

. and u(Nx) - nobil:l.ty of the minority carr:l.cu as. a funcl;ion of

Loa

2) The. resistivi;y of the depletion region in cnlculnted ‘an a func-

_.N

cion of distance from the junction ubing the aat o£ concentrationo N_. m.ﬁf,»
- '/conduct:l.vity o of & aemieonduct:ot is given by [75) . I U
N ] ) » . . .‘T';:I .. S
eyt T eam
q - the quantity of ' electric charge . :

[y

b’ X

'men rel:l.st:l.vity P of the depletion region iu _

o= 1/o - [qu,ucu,n -1

rron s gtnph [75] of ln[p] vert‘un, 1"“:%]' Bqn.if“ ey

mcmnl by the Wiric.;

1n the rangels x 1015 <“x < 5 x 103:6 (cn ?), 'bfor' n-»type S:I.l:lcon. mn unge
it :ppropriate for 6-G!l: m#m diotlu. P ' ‘ ; R

3) ’,me chnge m rea.,atance of the unwept regj.on in :he i."h- :lntor-

Ax - Cpi {[cd(v )] -(vi.‘.l)]*l}

doping concen;mtion. ;..Q.,‘;';,'.-__,__w__w..'.y.;. .’;_ . t;_'_-, . _ R




'(3 20) yields the elec:roaic inpedance Z (V) belpu breakdoun Microwave

lvoltaget\below breakdown are used to find the coupling two-port uatrix

~4F2

NN

where

[

Since C (V ) < C w ), then ARi 'is negative. As the reverae bias is

i+1
1ncreaaed below breakdown, the depletion layer wi&ena, cauaing Cd E"de-
crease, the unswept region shrinks to zero causing R ‘to decreaae. .

&) The abuolute aeriea reaiatancee R (V) is calculated Thia atep

‘e

,9‘

is a departure from the procedure in Ref [68] where the change in impedance
, 4

with voltage‘ie uae& rather than the absolute value Above breakdgnn all

inactive regions ‘of the IMPKTT diode are lumped into the coaxial system

K 5 the active wafer consists aolely of the depletion 149er At breakdown .

voltage, B’ ‘the depletion region 18 fullx depleted i. v there ia no
ugavépt regibn. Hence, 'R is asaumed to be dero juat ) reakdown.
' In%egrating £br the ifh ‘1nterva1 we obtain
) N_ . ;,f o ; o
Rs(‘.’i)~‘§-.» (-oR) ;= 1{2,-_-'-. Nl B9
- " ".r‘n-i . - ~ : * . e ;v . B .
S T PO - R . : :
where o S . o ‘ .
' . . o 8¢
B ’ . i . .
'n(v>-<a (vx-o o (3.20);
- . and ""fﬁ = the nunber of voltage Iaaaure-enta.m
ﬁ‘:ﬁkxf'Conputer redudtion of the Cd—V data utilizing Eqnt?g(3 12)- -f‘ g .

g 2

,

/ neaaurenentﬂ on theiasseubled siltel of !13, 3 6 at the aane reverae bias

e
3
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Since Z is measured in waveguide,' only the nomalized impedance

z -2 /z , Eqn. (3 11), is available. Dividing by Z end nomalizing

[A BZCZDZ] to D in Eqn (3 21) resul'ts in :

z (V) -“tze(ﬂ*'bz - T (3.22)
czzw)+f S | S ,

where

-

o (S% oy N «(3.23
i (’S)V : My Se €--—L-—‘-)-

\ 7 f//
Y] - ' ' . (3 lr23c)

g

., t"Q wﬁa or acti(t\ devices We \

n.'(,ﬁ' ' ‘

imensionlees) o Z . 3 Qsmb)

and

Azn = B,C, = 1 z G{az-bcho 3’ o ,.-‘-_’(3.26)
- PR PR N t . R -
e - " M " ! - oo
e y Zz,ﬁa befo;e,(;tlye "best" K; [agbzczj is found by niniuizix\g ffn t;he .

-

¢

te, -

‘ {iast-nquares eense ge objective function _
) iy Y (ST . P az(V)+b : e er @
- g ) A 2% 4 - L (3.25) -
Pl : U - - 12 - : .- &
N -[‘2.1:'9’&;, 8 ( 2y + T } : B

. . ) A : ‘. ‘ : 1 . L Y
AT , T .

*’ | : 'Deteminat.ion‘ of K_l[a;b‘-ic{] endvl(zlazb c ] et. emi freqqency completes '

_ the de'-enbedding pi"ocedutfxe. ‘ " ’
. ".l. .VF .b’_ ) '. v . ‘- “e ; . V " h
Lo ’-, : B : A

3 2.4 Det:ernination of IMPAT'I‘ Blectgonic Admittance

4

et With reverse btu above che‘breekdm volcege V B t:he diode '
brenka ‘into avelenche and cen Operate 1n the nbma.} D!PM‘T ndde

3 (vm,) is celculated fro- co-p1ex reflect:[.on coeffi genit o

e iy \_‘

I‘n, neuured et ter-inals 1-1' end trnnsforned to t

K1[l1 ] (ani (3‘ 10) and (3 11))‘ \lhere vu is the RF vol. 7 , A .
& . the aec;ve resion of thq nnwrf diode  The elect:tonic aaut:m. s Lo



.'.

constant dc current and RF frequency is then given by the inverse mapping -
of Eqn. (3.52). namely:

ot

Fot practicd anpl‘.:lfiera, P8‘~.\-; ‘21’]:‘:';.8 and the anplif:l.er ga:ln is

Ir 1% Pout /_35,',.-.» ,1 ._- o | ji'- BN ¢ R U
- ‘ . . ‘
The voltage V RE appl:léd !:o a&it.tance Y can be related to P:ln

by- the tranau:leaion pataneters of nat;ix “Kz.,‘mt voltage t:rananianon

coefficient at teference‘ plane 2-2' in Fig. 3.6 is def:l.ned as . T

" . N s - : . i B
. ,f o S R TR o :‘--,i ' ‘
S y
2/v - 2z I(z + z) ‘.f'.. oora A -3 29)

. T - ;' ' e
e S ? .
. e

Vthere v1 iq the ih(;tdent voltage wave at plane 2-2 and vz 1: the net

. va ” e LT _': . . oo ..; L ) >
""L"‘z*”" (330)

53

c, z (le-‘) 2 ‘
Yo (Vgp) = 1 ‘- - Ge (V ) + 1B (VRI-‘) (3.26)
Zo(Vgp) by = Z_(Vgp) | | |
where G and B, are the condnctance (negative) and suaéept_ance, respec- )
tively, of the-diode's active r’eg‘ :
’me circuit in Fig. 3. S can be operated as a reflection amplifier
when properly tuned Referring to t:he equivalent circuit of Fig. 3. 6
P‘A"“t *Pin * Pg R 21?lvoas B e @3an
where ‘ L.
_P'i' = the input power at plane 2-2'
¥
'-.'..'P°“'t = the outp\u power at plane 2-2' '
4 P'gf‘f the RF power converted from dc by Y ‘e. S
"and Ploes - the :lneertion loaa of coupling network Kz.
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‘where v, 1s the net voltage across .the admitt,mcei A Substituting tha;
(3.22), (3.23); (3.26) and (3.30) into (3.29), we obtsin
, - + + (b +1)Y,]Z D 2 A BN ‘ 3.31
| R ve{a“2 c, »(2 )e].ozl_ | - 3 1)
4 - o . .o . : N . o [
r,' The input power at reference’plane_‘;z-;-z" can be expressed By ' -
4 “. . i \v”' . ‘ , . N -~
Py = Re {|v1[?/2zo}.. lvgl2r2z, ,, K 2
) . . ...' ) " ‘ s ‘ N . T . . . . o
- &. .. ‘ o ’\*“, v b : - .
. \%& he characteristic impedance of the waveguide seen through !
the 25 pr. %;e characteristic impedence, z ai uwuide is the ratio
| 8

iof the ﬁransvetse electric fie].d at any point in the Vaveguide to ‘the tranl-
g
. ‘verse,/magnetic field at the eame pqd.nt, for a specific mode (usually the
/

-

’{TE lo mode in’ rectangular waveguide) The transverse electric field is in ’

‘g } phue wich the ttagsverse magnetic field (assuming negligible loseee in

) -‘the wavegguide) and hence the(characteriatic impedance z is a real quentity
" . .Substituting Eqn. (3. 31) into Q. 32), and then using (3 24),«the resultm .
N (sp la -b ¢ |)1’2
S 2.2 . R (3.33)
ltb +1)¥ +a +c | S :,r_*‘;_

'l‘he adnittance Y is thue conpletaly chlracterized as a nonlimr function

of VRF end frequency. 3";,.,.1 s 1‘1‘ AR :‘j. _. o

' : : : L ) o
B l‘v ' : N .
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3.3 Exper:l.mentel Details of‘ the Elect:onic-Admittence Measurément Technique

.3 3 1 Rxperimentel Electronid—Adnittence ﬁeeeurement Set-Up

A schematic d:l.agren of the circuit far lerge-eignel meeeurement
X
“.

of DIPAT!r—diode electronic. ednittence eppeete in Fig. 3. 7 ‘The salient

features of this set-up are listed. . T R
/ co . - . : v

Ved
*a

"t ';’

1) A J—bend (6—8 Gllz) klystron eignel generator (Model'HP 618C)

is used to ensure a noiee—free eteble reference signal at 0-dBm power

-

| (10 dB below its rated output power) 'Ih:le signal ‘is: emplified by a & o

e 30-dB gein, l-—W TWT enplifiet (Hodel HP 493A) The, output ports of th ‘
, A \{ W
" .
N ’generetor end the m are uoleted to prevent 1nterference prob _
*«»,; ,._Mﬂ“ S .

7] 2" The :I.nc'ldent e:l.gue‘l 1eve1 1: controlled by a ptecision atten—

\1 precieion lls-m coex:l.el cevity as in Pig. 6 1 Bias ie provided fton: a e

conetent de cun'ent eupply vie e b:ln tee. V S L j
4) 'l‘he mPA'n'-ﬂ.ode e:lrcuit h tuned to operete ee e i-eflection )
mplif:l.er & thq euf‘f:lcien&ly lerge Rl’ voltegel een be epplied ecroee the. o

diode s ective region. 'runing wee pccupliehed vith i Xls 6-&1 mpedence |

: grmfomer. uithout t.un:tug, he diode pleklge peree:ltics end d:lode-to-  ,;_,-
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7) The network analyler f72] vas modified to qperat:e in' the \

e-signal regxon. The power nt the RF INPUT of the S-paraneter test

. 2

'u‘_zgw |
L8
] RT 2 ttsntl nrrivu lt the 'I'ES'I' CHAIINEL output. 'l'he uuurenent o

' d rcfloction—coofﬂciu; muurmc I' The \neuurad data ftom oo

‘ork mlyur conliat of two vo]:tagel d:llplayed on diiit;nl volt- o

_ '13 pripo " :lonal (10 nVIdeg) to grg(r ) ‘nm ret:um gain. defined u nega-;} R
‘ o .‘ - A - l . . . -

tivarc}ttu ‘1ou 1: dn, is congenﬁ to\ll‘ ] log (-RG/,ZO) | A
L to tha ntgﬁ for h:lgh ga;.n and phue omitivity. ucenive. RN

'. uufﬁeicnt
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path fox diode eeasurements; the alterhate path is terminated by a pre-

"dcieioo'edort;crrcuit 'The”ehortécirceit'eervedfee'a‘ceiieratioh reference

i

for every meeef at T m' 1 e., all meaeuremente were referred to the same

nnpedance and could be compared relative to one another regardless of the

required accuracy. - . M

3.3, 2 The Expe imental Proﬁagure
The breekdown voltage of the experimental IMPATT diode (type

' BP 5082—043&) was about 101 Vdc. Therefore, 13 capacitance measuremente

" P

"were\made on the I-an capaqitance bridge (Boonton model 714) et reverse- :

biee voltages 1n the range 0 tp 100 Vdc. The bridge wae,initially nulled '

f*\\ " with an open—circuit package connected 1n place of the peckeged diode.

"Th aeured cepecitence 1e thue the denIdxdon layer cepecitence eince

the etrey cepacitedce of the-ebnnector and pereeﬁ;ic cepecitencee of the '

.’

N Qpackegexhave been ca&ib;aeed*for. i

f";:f' . T,z; The active dpnction eree of a eimiler diode was" meeeured under a e

'<microecop¢-to be,;q cm iSX. .,iff;:'}v;d 7f;?j ,,;--'r;’,:- ) L RIS

[ R : Y

To extract natrix Kl et eech frequency, 10 reflection neeeurenente:;f

s

'fwere performed wi;h the following inpedencee connected‘l:;plene 2—2" a ;f

fixed ehort—circuit, end 9 poeitiona .10 to. g,;sg 1n) of the noveble
ehort-circuit. } Uvﬁflgfﬁ;y ;.f:va,g.f »g}:t,.,d;;q.\ ‘ s

-

After the diode wu .ounc.d iu- the cevity. ‘25

_vc:biep current

; desired.-eeaure-ent frequency overre 1-43 henduidthlof ebout 50 uﬂz

'fwfieflectinn coetficientteeeeurenente vere then -ede cn the enplifier




s

asaembly with chc diode biaaed bclow breakdown at the sane voltlgcc as: A
"flfor -the 1-MHz. ccpacitlnce ncllurcncnts. Coniputer reduccion of the ueacured -
data yielded the’coupling natrix K,. - ‘

- With the diode biased above bteakdown, and incident . power -20 dBn
"(10 uw).reflection coefficicnt neanuremcncl vere used to calculnte the 4-‘
small-cignal eleccronic ndnictcncc Y at several dc bias currenta h

(2 to 25 mA): For conwtant de. bica current. 25 mA and varying incident RF
power (-20 dﬁ; to +23 dBm) reflection coefficient measurements yielded

the largebsignal adnittancc. Nonc of chc mcaaurementa had any discetnible A
idiatortion.,Observdble diccortion products at the 1nput were norc than
K 40 dB below the fundamental - frequcncy. Spurious cignals in che outpuc
of the rcflection amplifier were more than 25 dB down fron-the fundamcn—
: tal vetifyins the lingle-frequency adnitc.nce ucqsurement. ‘ i-'

Ecch of chc abovc mcalurencnts ‘were petformed at various frcqucn-
w . ‘ :

ciea in che rangc S 7 co 6 5 GB:. ‘
_3 4 Conpucacional Detailc of che Bleccrohic-Adnittcnce Hcalure-cnt chhnique

All calculntions v;’e pcrfor-cd in. donble prccipion on the IBM

of Bqnc. (3 9) :nd (3 25)° vca achieved by

. '360/370 conputer. Optiniznt ta

a. library routinc iuplencntins thc llctchcr-Pawcll clgotithn [78] The

Jcalculaccd clectrbnic cdlittancc dncc wc%c 1 "f{-lntea in frcquency and

B3 volccgc u‘fj‘ s 5‘bic-cpline intctpolction qutinc co yield Y cc convcn- -

fficntgyaIQQQyT g

“f;_ﬁ-c parllnterl [79]~

”

. 7{43 5 ucniurcd iFPA!THDiode Elcctronic Adlittancc Ind !rror Analylil - 12%?{';?ék
. In Fig 3 .8 chc rcdhl@i of ch. 1—!!: c -v -ctcurclcncn bclow brcak- %-#;f
»f rc plotccd.llhc junction“clptcitlnct 03 dccrc&lcu cxponcntially ftﬂl 5f{ci“
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ngr 3 8 lesut)ncc and di!fozentinl uppcitance of the active region of

. t:he experium:al IHPA'!T diode 'felov breakdown volta;e,.




’shown 1s for the depletion leye;r alona. 'l‘he exror in the meaeux"\hnent of Cd E
’ \
is 0. 05 pF, for €4 greater than 1 pF, and :tO 01 pF for Cd lees than 1 i)l'-‘.

The second curve in Fig. 3. 8 shows the dependence of the eeriel B

resiatance, Y of the diode ] active region on reverae biae voltage. As |
the reverse biag. increesee, the undepleted region of the wefer becomes
'more and more nerrow until it becones negligible just below ‘breakdown. -
A mximum reaiatance of 26 f occurs at O V Since R, is emll campcred to’
the. re*tance of Cd, R ia very difficult\to detemine accurately. )

- The error in calculq.tion of Ry is estimated to be about’ 10z. This error N

r

..eetimnte compriaes the emall error in the measurement of the Cd-V Qeta
(- 22) ‘and error in measurement of jkction atea (~5¥) ‘Aleo included it
< small error introduéed in the calculation of impurity concentretion o

'pxofile due to. the eea}mpticxn of a one—eided" unction in which t:he
dqﬂ,e_tion layer Widena in only one direction [ 7.

- ;-:;‘,‘ v Figures 3.9 and 3. 10 ehew the behaviour of the smll—eignel
' electronic conductanpe and uueceptance. rgpeotively, as. a function of

f:quency end de biao current. 'i‘he electro%ic conductance is &lcen to} be '

[ - Y

B relative'ly independent of frequency in the ne.‘eeured frequency .ﬂrunge,

. \n\

_indiceting aperatid’n in the optinun ftequeﬁcy band (6-GH: dioa‘qe) On

\

‘ '&& v L

: lﬁ\

the other hand, the electronic euscepéence increasen clnoct 1ineer1y wii:h

Y SN .,e
frequency. '.l'he sueceptance decreuel vith dc biu. Tnd’the ne;ccivn con-

_j"vducunce increuee with dc biu cd expect.ed f;on theory, 'I'he mll«eignel

f"f. ,

conductance lie-a:!n th.e unse ~0 1 to -1 0 ﬁs end the eueceptqnce liec ‘* i

in the nnge S O to 9. 0 -s. 'me eucceptcnce ‘ie fron 5 to )100 tinu hrger s -

95"

» then vthe electroﬁtc conductance . : ; B e
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Coa decreeee in amplifier gein. Figure 3 12 illuecretee the continuoue ~

‘increeee of electronic eueceptence B with frequency end Rr eignel level.

"'noted thec the curvee at fteqnenciee 5 8 6 0.,6e3*hnd 6. 4 GH: ere inter-

in . :he 6. s-ca: eutve vhere enplifier gein wee eonaiderebly leee thin for ”‘l*
meeeurenente et lever freq ciee. Ihe ed-ittence vee neeeured et a co ',;."g,

Fige '3.11 to 3. 15 to ehow 1te behaviour ee a function of frequency end

Rr-voltege. Since ‘the diod. iu opereting at 1:- deeigned centre fkequency,'”“““““*
: Fig._3 11 ehowe the electrqgic conduetenee G to be relqtively independent

,of frequency ‘with inct&heing lignel level, and to follou the euell—eiguel

contour, Also |G | decreeeeeuvith 1ncreeeing eignal level. retulting in

The decrease of IG | and inereeee of B, with increeeing eignal level nre
ehovn to greeter adva&;ege 1n Figs. 3,13 end 3. ﬂi reepeetively., %

The dependence of letgeﬁiignel eleetronic edmittence on frequency '

'_'end on‘drive eignal is 111uetrited cleerly 1n ng. 3 15 It ehould be 'gﬂ C e

- f'poleted fron neaeuted reenite et other itequenctee; The gaxping of the

;

‘conetan: voltege contoure 1e n reeult o! expetinentel error. eepbedelly ;.;i,e'ﬁ
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e T
or, -one error predominates and is tsken es the total system error. - In the. V
microwave messurement'system of Fig. 3. 7 however, t:be number of possible
sources of error is 80" ;nuch grester ,ﬁ.&st sinplexlinear sddition of_. ,t;hem L :’u K

/ o
. results in an error bound which uy de. q*:h 1srger t.hsn the expected error./ P

‘.‘ .- 'I'he described \c\elibretion prq::edure inproves hessurement accura

significantly. It removes systensiic errors of residual VS’HRgnismtch)
nework snslysen dc dr:lft", and gain- snd trscking errors of the direct onal
. -1

couplers 1nterﬁai Lo the network snslyser [72] From repeated messurem n
CM‘"

. and Hewlett Pscksrd specificetions for the netwérk analyser (Model HP 84 OA)

: in magnitude (return loss) and il degree in phase

I

» The second facr.or influencing the ‘error iﬁme cslculation of v{-.-l’ i -
N V ‘l B - L

. eleotsronic admixtgghe ig.\ghe scoqﬁcy in detem:lnet‘lon of the coufl’in R

lmatrices l( and IC '!.‘he results of three separste csl:lbrstiop*“guns L vf
) ' ’ P IR

ﬁ 4 obtained~ because df ther use of redun,dsnt. d&ts sud lesst—squ,sres opt;i-
v ) v ‘- X

mizat:ion. For ‘the diode biued bd’low breslid;n v.e, typieg figure for the

",-'.fﬂi wnasureQ reflection coe‘fficient is r = -1 6 dB (retum loss) glOO S !

Using the es(imsted instrume‘nt errors in :he nenutenent of I' [} repre-f:‘

". -

sentative error An I‘ fora the diode %iss;d below breskdawn 1s 7%, P -ie

o --"_-gealeuleted frmi the inver.se tr\usxomation of I(1 en I‘ according to i o
e .Eqn. (3 10), asd my be expected r.o he in error ‘by spproxinstely;lez.: R '
. Next,, l: end the inpedsnce z of thg diode chip extrap&lsted froln l-zz |

sre used to. deterninh ne:\iork K vis lqn‘. (3 21) ‘l‘he error in z, is ‘.‘ J .




en‘omin transfo
S
' ‘to - yield an error estimate of about 202 !‘or the% largg-aisna*]t electronic e
“*“m R R SRV
-, admittance ‘ o | m...ﬁj)j,
o A A ' . , d ."v & ey _‘ - B
=.":z' é, o™ A & TR o '\ "R
!‘Js' : % o For atudies on IMPATT-diode aqp;;“” rs, the 1arga‘signa1 behaviéut "Qj
‘ Car R ) P R '_ : "‘o .
o'f‘ the diode needaﬁ, to be kqun :Lnilapend. : f the xfﬁ'cuit :ln whieh it ;I,p \ )
M. . . e
. (qlabedded A method :le 4 e % the accurate ‘fixeamedent oﬁf the R
. o . S . g4 4 ' "
‘ IHPAT'I‘-di,ode largd-aai ‘ e ,.,agmccanf‘ us{%;gf net,‘otk aﬁ,ﬂyaer
_ . . "
o and cmmuter—a:l.dbd deta ‘on techngquea. Thé . metgod AJilm "ateaa&re- Do e
e S M
v’.. ment of the agg\ittance ‘ 4da , ,‘thei-ebj guﬁtly It vr.".‘,‘
. . Y X N . >, ‘ t".\ . : ..‘
e enhancing neaaureﬁent i cutacy. Secondly, the admittance 'f the J&pde B
active regicn ia aepat 'ed frau tha external circuitry and ,pack,age”para- »» L .
' ‘ sitic elenenta by 8 d -", 'edding-pnu;pda,ue. 'rhia exoract'ionn cof the a‘hac- S
: e

, -"I‘; : ¥ ) . '. .
.mated to rt,ducu thc error in ‘Ka - Lo 10-]52 ‘ R
d .‘u

The large—aignal electronic admittance ia measured with the

. N . . .
. . ; R . . .
* . . N . : . * . L .
. N [y ’ - . . . I3 71
. . ; . . .

© . diode. biaaed above breakdown,. For thia case, a typical figure fot the- mai-d‘ o

v 1
e

. jauned re(lecuon coefficieut ia II‘ ] ¥ 5 0t 0 1 dB (retutn Loaﬂ(ﬂl) a.nd

T = 00°tl° ‘(:11) 'mis typ’tcal 32 error tn I‘é Is augment“ #ﬁ the

ation through netwarlts Kg (32 etrdt‘) and Kz (152 error)

atudi

g

;. urationa._Othex adv t gea of the nethod'are apé’ed and eaae of chang:lng

neaam:enent f requeacy .

Ehe ueaaurement of el ctranic admittaneewip about 2& 'Ihe mbthpd u not

ah accutate aa :he aingle—frequency aathdd pf aag

%oniczdnin:ance 1a 1res’ tﬁe"’diode ncml:l,nearitiea and simplifiea further‘-.__j
‘ L

on the effec 8 of auch nonlinearitiea ‘:ﬁai'_ different circuit éonfig-"f e

'rhe nethod :I.a quite accurate, the eatinatad arror 1n

‘.’.r'
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wsrd-corrected IMPATT amplifier are analysed for distortion using Vot’, T8 .

DISTORTION ANALYSIS OF A FEEDFORWARD—CORREC'IED o
IHPATT AMPLIFIER USING voursm SERIES REPRESENTATION- [P

-

4.1 Introduction with Historicsl Notes

In this chepter, both the IHPATT—diode nmplifier and the feedfor-

A -

series representation. Specisl problems are encountered in quelling non-*

1

: linear circuits at microwave frequencies, because reactive or hemory

4

'circuits operating at frequencies where reactive‘effects sre definitely not

o such snslyses ﬁpply only tocnonlinear zero—memory circuits,/g:r which‘“,. '

¥ .
rinfinitely brosdbsnii;on\inear resistive circuits Microwsve amplifiers R

"' . N . ‘/
effects are importsnt ‘and must be accountéd for. In the psst nohlinesr : 7

~

-negligih&e, have been anslysed for distortion using conventional low—'
4

frequencyepower-series ?epresentstion of the nonlinesrities._Strictly,' :
7“ - 1"{ » .. S

ﬂ‘l '.,' °
;the output st timesf'dqoqus only on’ the input a; the same. instsnt, i. e.,‘

| hsve many parasitic nonlinesrﬁenergy-storsge (memory) elements which

v

~,produce frequency-dependent distortion. The trsnsfer nharecteristic of

. It\Q:n be shown that‘ihe power—series approsch is actuslly a special csse

u-

'of the Volterrs series representation.~:

f_this technique to-find the response of s nonlinear.device to noise 15'1942..,.:

s\yich an- amplifier with memory caﬁ‘be represeﬂted by a Volterra series. _fg: f ?

e

The leterrs ser: 8 methoz is bssed on’ the theory'of fundtiousls

n l

'developed by Volterrs [161 Wiener [80] was the first to apply

':;?ollawing_wiener 8 pioneering work, there wss continued epplicstlon 0£ the |

"'? \‘ : R : : ) - T .' "'»‘ SR



Y ' LT . ' D . B
’et . . I -t . .
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e

inputs fnd con.vergence problems respectively. The paper by Bedrosisn

and Rice’ [86] is ‘an excellent" xview

of nonl inw th nemory

on of the Volterra leties to nonlinear -

t problems, hmver, unti]}!iarayansn [87] used t%'e techni e to cal-

¥ trsnsistor amplifier ﬁtortion in 1967, This delsy 18’ due to the

ingi reaaons. 1) The solid theoretical fcamework for use,of the

Volterrs series had to be developed. 2) It cannot conveniently be applied

v Lf

to strong nonlinesrities becaQe the high-prder terms, which cannot be -
" negl'ected in this caae, are éwkward to handle and slow down the xate of

b convergenqe-vof ‘the series. , ) 'l‘he inverse transfomation of the High—-order

transfer functions to the time domain 1a difficult. Few practical advan- :

-
\v

L tages were seen An- uaing Volterra scries snalyaie, but this spproach ia

. .
- well-suit‘for calculating distortion in mildly nonlinearxlifiers, R ’

. - .
In such studies‘ since the reaponse to two or. 5hree sinuso - input

4
LY

.'sfgnsls. is of interes& iﬂean:lngful results are obtdinable f

&

: the frequency domein. The' nonlinaar tranafer functiona repra nting the /

\‘:/

nonlinearity account for frequency—dependent distortion and are eaaily G

v.calculated on a computer

P

R . , Nonlinasr distortion can be computed w.ith the help of the Volterra
iseriqs for a wide class of practicalrenplifiers, Rstayenm extended nia ‘a oy

{88)

- own work to predict distortidn in cas cade T

. and in(feedbsck ahplﬂ‘fiers {89] Since ’197: i,- ;H.‘Poon han uaed Volterva
I S analyais df éhe chtr;e -con 1 tranoistor nodel for third—order dietor-— o

tion atudiea [90] and Kuo d.ilitﬂcmk(‘h‘a‘e deve’loped a conputer pro.. o

gran Eo}- calcnlating the Qatottion s £ trmiatowlifiera by using
o . Vi E T

.' ,k Volterta techniquu (911 croaandulstion and int;moddlation :Ln 100-148: - L
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e,
L

i‘aiuaing the' 4
.19"2] have ﬁplqyed the- Vo‘lterra . “

k4

VoIterra sériee approach.

TTTE T A i [T N

gseries in modell;lngacomunications r' eivers to account for their non~ . )

N v

1inear\responae§£o Qult:lplq input. signals. Volterra analysis ‘has’ aho o
i

been used t:o prgdia ith:ermodulat:ion (IH) diatortion ganerated in a’
Schottky barrier mixer diode [93]' |

V01terra seriea ana&ie will be applied here to the problem of
predicting m*j:l.gortiOn in a faedforward IMPAT',Pdiode amplifier with L v‘,;.:
& . 8 two-*-tohe input dSection lo 2 18 an introd\fction to the Volterra series Lol

" ’ Lyl -

| repreaentition ﬂnonlinear clrcuits and aystema. wirh pertinent refet-
2 .

;e
NG

_ence to the problem under conslderatioi‘r. _'l‘he nonlinear model ‘for the
> IMPATT amplifier 18 developed in Sec. 4.3. The Volterra aerien represent-—
o ‘ing t;hia model :[.s nsed to pred:lct tMrd— and’ fifth-order ™ diatorqion "

L products and in;ercep-c points, gs well ae gainﬂcompression- ;
ot b ]
s ., sults are preaegted and comented upon. In Sec.!o 6 the gener
LT ¥y '
' Ieedforward ampl‘fier i! analynd using Volrerra seriu repreaentntion of

':.‘t:'he amplifier ng, 1nearities. me‘hﬁ'oment in m ahtortion by féed-'

_. forwhrd corre,ction :m ‘discuased. Pover roﬁgirements for the error ampli—' S
."'";'_ "".3.:.b-"fier with a. knowledge of the gain— and phue varutiona of the min e e
_‘, famplifiet and its"‘m dlstortion, ere eonaidered in Sec. 4, 5 'I'ae gain v_ a
) . '_ o 'eensitivity of a niqrowave feedfomrd anplif:ler 1a a*&f t.h in . L
} ) .oee : ; 'l‘he analy!:la :I.n Secs. l. lut.o 4 ‘are senertll}’ lwucuble, - ."@“

lg the mmn upliﬁct undet invaetigation. tl‘he high-'




time functions all possible’ outpute y(t) If for each input fnnction a
Xe

.‘»

A
unique output function results, then this transformation is. one-co—one o

\ ST "and Ehe aysteu is ‘said to be ﬂctezminiatic\ if. we fix the tinn t at. which .

\ ' we observe the aystem output, the nyntem can 'be considered to be. a

functional. Symbolicnlly, thia functional 1s denoted by -\ |

¥ s
"y(»’ - Hix] = HIx(s); ~e<ose] . ',,.‘ R ey
\';f~nhioh aeon that the output time function at time t dependl upon the

input t tunction for all paat valuel of time. :."i- . ' ‘. i  f; .'A:

' , terra ahowed that every fnnctional be], continuons in the .
" field o A ontinuoup funcsions, cah-be»reprelented by the expansion [16]

F 0 R & et

e infnﬁicn'Hﬁ[xl,io'airegulafhpmogqnobuw?functional, 6E:dégfeejﬁﬂ of the * 1 '
. \ - L oL RN R T . - T

: ‘ ’ - . ,"\. .: L ...A. - "; . - .. A

’ Ce ,” ) [t e
’.. P NS
" \ - Q" /. ‘ln(rl,‘tz' LR ’T )X(T ) :0 . tx(tn)ﬂt . 2 'd't‘ ‘. ‘:.: .‘
et : L ',% R (4 3) S

o ;f , f . %_.;Z_nﬂ Vhé,zfi‘: ? =
The ertes (4 2) reaulting from & fuuctional ex#insion is a .fﬁ?
.’ﬁi Volterra se iesw A nacessary and aqffieient condition that a bzftem‘ﬂ' '};51;

.



. ¥. ‘ \ 5
analytic about x(t)-o In practice, a convergent: Volterra aeries exists

1f the system is aaymptoticnlly atable in the bounded-—input bounded-
. o .

"out:put sense.. . 77 i S S i

Bty
Wiener npplied the Voltarra aeriea to the nnalysi; ‘.%f non‘linur

: pyateml [80] by relating the ayaten :lnput x(t) to the output y‘tt) by means

of 1 tu}‘l tionnl aeries e - R .‘ o L
‘Iﬂﬁiz;mm;,«g_ B (X

,n"-l :

-
Al

here n(t*"-f h(t)x(tﬂ)dr v,_-;_w T

... ‘)

-4

u—'n‘ ;. :‘ \ . .
*.“ . - » ~ ’ . _,-' - N 7‘-{ ” [ 77
a8 : Lo ‘R - ' : '
. . . R B4 N AR .
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‘the analyais as a fixed—biu offset. The f;lrst-order term (n-l), 1a the -

conventional linaar response of the syaten\uhere h (‘t) ia the 1m'pu,lae

. o ""r—"u" - m—— - -—-H,-.li.,._ .
N , re{ponoe of tha linearized ayltm. 'l'he high-r—org‘nr tem qr& »e ﬂylm .
. .nonﬂ.i’ne_ar " jponses . Analagoua to the linear case, xhe nth*onder kemel
- of Eqn& (4:@ “{wh (11.22..,. s Tq ), _ 48 called: tha nonlineat‘ in’«pulaa reponse -
- of order n. This analogy ie extended by calling t:he n~dimensional Fourlar o _
‘ . o a ;b
_ ) ttansfom the nonlineat trancfer funct:lon of order n: * : - o L
. . :‘ -..o - N X X ' ! “ . . . ', .
. R (qu.j .._.,jw )-vf / h (11,12, coyt )I Iexp( jmir )dwi (6 8) .
o o IR - \ B L
S SR A : AT R R Sy
'rhe t’ﬁne-domam Qgtput. y(t). of a mildly nonlﬂea'f aystell, can bé foimd
AW 7:1n :‘m df the loﬁ-order tranofghrwfunctj,m R mll) a.nd ch‘e sbectrum,ﬁ Lo
. ;jx(ju). of the :lnput signal‘ s »9'-‘ T ; ‘,‘;’ 3z . ‘ :
. .n-(jml ’je)z""%j% ’-.‘ i* N
. ,, O ' - ~j '- , (:. 9)

.ﬂ . . ¥ (4
. ) - - . - ’ N B . 1 h
Y . Ty - [T
. “ - \ ’
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" haviour. It is especially convenient for calculating the response oP’a

the ngh-ordervnonlinear transfer functiom, Hn,.is.given by -

H (jﬂlpjmz.--.,jw ) - {complex coefficient of the .
) gt expl)(uytuw,t. ..t )t] term in the

‘ expansion of y(t)} . ' ‘ (b.ll)i

R

This procedure is a bootstrap operation in that H, (3w, ), H (jwl,jw ),

,Hn(jwl,jmz, RT3 ) aré determined in suzcession with the nthborder
‘response based on the (n-1) 1ower—order responses The process can be |
stopped when the desired order response is obtained.

In summary, the Volterra seriea can be used to analyse a deter-

ministic, time-invariant, asymptotically stable nonlinear system with |

"memory_‘I&ia method is most applicable to mild nonlinearities where low-/

*order-Volterra kernels caa adequately model component and circuit be-

nonlinear circuit to an input consisting of h sum of ‘sine wavesh ‘e. g.,

distortion analysis of a. nonlinear amplifier via multiple—tone testing.-"

'circuit;'

L This‘analygis requires accurate modeis of the nonlinear devigss~in_fke~ﬂ—<\;;2/

4. 3 Distortion Analysis of a Stable IMPATT Amplifier Using
. Volterra Series Representation .

‘o
et

| :. 3. 1A Nonlinear Model of a  Stable mmn' Amplifier

Becauae the magnitudes of the nonlinear terms in the Volterra

series are very small for small device nonlinearities, it is difficult

. ”:8‘53:;&1& them accurately. A better approach is to calculate the Volterra
;_series using a nodel which accounts for the nonlinear device-circuit in-

teraction. The fundanental device nonlinearities, 1. e. the electronic con

A A
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N 'z a8 depcribed in Chap&er 3, and can be expressed in a form suitable: For

. ' ) | .
W ) s
g | ~ 81

!
! sy .1\ /
ductance and suaceptance, can be measured without too much difficulty
'

-

Volterra apriea analysis by curve-fitting techniquea

A madel ‘for Y circulator-coupled IMPATT-d4iode reflectionaanpli- .

-~

fier is shown fn Fig 2. 4 The paasive two—port network 1s generally

"conplex for practical amplifiers. Single—stage IMPATT anplifiera, hovever,

are unually narrowband (tfpically less than 100 HHz). Consequently, over
a auf?iciently qmall bandwidth, say the 3-dB pasaband, the lumped-elenent

nodel of Fig. 4. 2 can be used [3], [12] It consgists of ‘an ideal imped-

4

ance transformer with turns ratio n,:n,,*a parallel LcCc'tuning network,

.gnd the IMPATT-diode epectronic admittance Ye' From experimental results,

the: variation of Y, with frequency is very small ove‘ the frequency

T 1 X - - -
'\ﬁange ‘that the model is valid, and can be neglected. The frequency depen-

R

A

déﬁce of the calculated distortion will then be solely due to’reactive‘

\
effects in the circuit. For constant bias current, Idc’ the electronic

»

admittance fron Eqn. (2.5) 1is given by

T, (Vo) = Go(Ve) + JuCe(Ve) = - a1

where
,"Ge = the electronic conductance (G, <O) ae'midbahd

{Ce ‘- the equivalent electronic capacitance at niﬂband

.

and ',Ve - the a-plitude of the Rf voltage at the‘funda-ental frequency

Ve

. across the diode’ a active region. "; :‘p
In IHPATT a-plifiera vith leas than octave bandvidth the: circuit ‘
Q ia high edough 8o that the eﬂfect of odd—order terna, 1n the pover aariea

expamaion of G (V ) ‘or C (V ) on tﬁ§>nagnitude I of the RF current at
. ¢ . :

. o o ' : A oy
b . . . . A LY .
: - . . B B .
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the fundamental frequenl; w is Secondary in natire, and the maénitdde of
N ‘. -
the second- and higher-harmonic current is negligible compared Yo I, [31,
[67). The nonlinear characteristics of the IMPEI;’diode may be exbresned

by [12], [13]

P
...G (V) =g + 7V2 +2 g y2n o T (4.13)
e e 0 e ®n e .
n-z : toey
L 2 :§ : 2n . ° ' ...
Ce(ve) =<, +AV, + che _ e (4.14)
. : n-z. ‘e ¢ .

where 8, (go<0) and c are smali~signal values of the diode negative
lconductance and capacitance, respectively; YyA,8y, and c, are constants.
In the tegion of normal IMPATT amplifier operation, where V is much

less than the bias voltage VB’ the terms for n=2 and higher, in Equs.
(4. 13) and (4.14) may be neglected [12] The constants B,2YsC, and A

can be.eyaluated by a quadratic polynomial interpolation of the measured
large-signal elec;ronie admittahce data at the amplifief centre frequency
(Fig 3 15). ' S ' ’

/

The equivalent circuit admittance Y (w) seen by the diode is’

T (@ = G, + JluC (i)™ | - | | | (4.15)

‘where

GC = (nl/nzl)z_ YO S ' ' ‘ ' (4.16)

and Y, the chatacteristic admittance of the waveguide, 15 assumed to be
purely real. Since the anplifier is tuned under small-signal conditiona,

the external inductance L relonates the effecttye capecitance (C +c )



]
at the centre frequency w _. .
-~ ° .
The equivalent voltage and current components of the incident

and reflected waves are denoted by vy, 14, v, and 1. where the subscripts
1 and r refer to incident and reflected waves feapeétively. The incident
and reflected waves are aeparate& into the input'and output signals by

the ci}culator. The net’ current id into the diode and parallel LCCc net-

work, and the vditage v, across the diode terminals are giveg by .
A} ) (:] u
A0 = 100 - 1(0) = Gelvy(t)-v (1)] ey
Ve(t) =evy(t) + v (£) - - ' A ] -(4.18) .

Substituting the expression for vr(ts from Eqn. (4.18) into (4.17).wé

have ’ . ’

1,(6) = G_[2v, (£)=v ()] L (h19)

I

i

Since the generator‘is gssunad to be matched to the circulator, the

measured input power 1is
Voo |

o , 2 SR
i Byo= Y v T2 S o . (4.20)

where vin(t) 1@ the incident voltage vave‘atvreference plane 2-2'. The
1nciden§ Gbltage vgvé,‘vi(ﬁ). referiéd to the secondary of‘the'loncleq:

‘

1-p§dance tran.forlervis reiate& to vin(t) by
v () = (e /vy () - . (4.21)
g
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Substitution of l?.qn. (4.21) into (4.20) and using (4.16) gives

C 2 fi72 o
v, = |v1(t)| - - (;__ - ‘,zpm/(;c . . (4.22)
.o 1 ' .

r

In the equivaient circult of Fig. 4.2; id.end Ve are‘'related by

the following integro-differential equation:

—

-, dv _(¥) 1 ,
id(‘t) = C. i +[ Ve (t)dt+_.._ [C Ve (t)] + G eVe (t) . (4.23)
. de Lé dt

Substituting Eqns. (4.13), (4.14) and (4.19) into (4.23), and then

differentiating we obtiin

dv, (£) R ARG | dv,(t)
26, > T [C +c +3Xv (t)].____!__ + [Gc+g°+3Yv (t)] rem

LI

.
i

dve(.t)]z \‘ve(.t)
. 4 .

+ 6Av,(t) [ (4.24)

dt )
CH

The IHfAII-ambiifierviu &eac;ibed by the nonlinear differential equation

(4.24) in conjunction*dith Bqn (A. 18).

-

It is asauned that the nonlinear nodel can be répresented by a

VOlterra seriee. ‘A sufficient condition for the existence of a Volterra

'series for a nonlinear sys;cn fb that the operation of the system be

restricted to a region of asyuptotic atability [21]. ‘This includes the
s
IHPATT cnplifier dnder disculnion. It 1s also neeuned thgt the diode

9

nonlinearities ‘are small enough that the first five ter-s of the Volterra

series are sufficienm to charecterize then Trunceting the infinite series

in EQne (4. 4) to (4 7), the nonlineer outpdt reepon.e v, (t) is related to



?l
<

a A}xaal input signal ‘vi(t’) b; ‘ ) /
-/’ ¢
v, (t) = H[vi(t)] -E / /hn(rl,rz,.. »Tn ) vi(t—'ri)dri
n-l i=1 .
(4.25)
where h (Tl, FreeesT ) 1s the nth-order Volterra kernel for the nonlinear

equivalent circuit ’l‘he nth—order Fourler transfom of h (11,12, ..,rn).

is 'th_e ntPoorder Volterta transfer function l%(jm/l,jwz,. .i»Juw,). Similarly,

PR

the circuit résponsg ve(t) is related to vi(t)‘by‘

. S t t
ve(t) = K[vy(t)] = E f - f LN G I FRTRETLIN. I Ivi(t-—ri)dri (4.26)
n=1 g -0 ' i=1 _

-

h-order!olurier transform of the

where K (jwl,jw NS [ ) 18 the n

th

n -order kemel l\,‘(rl,t 2T ),

2*° 2 "n

- )

4, 3 2 Deteniination of the IHPATT-AmplifieLJiolterra Transfer Functions

o

“The Volterra transfer f(lnctions for the IM‘PATT anplifier will be

eValuated analytically by the hamonic :mpt}t’ﬁethod [86], [92].
T
Firat let the anplif:ler :I.npuc be i !

- vy (6) = exp(Ju, t) L : T - (4.27)

N\

where.m1 is in the passband of the;. amplifier. Assume a harﬁoqic response

k)

¢ I
ERACK z;»:f.n exp({nii, £). - L 428
nwl o T S

Since Eqns. (4.18) and (E‘.Zb). pust be satisfied for a1l t aﬁd for any w, ¢
. . o -~ ) - @ :



A -
. ) ‘\ ) a -
j

each harmonic component must also 1ndlvidu 11y aatisfy the equations

87.

' Equating the coefficienta of the. desired t rm.exp(jw t) on bQ$h gides of.

Eqn. (&224) after substitution of Eqna (4. 27) anﬂ/}4 28) we get

3 . . —

. . j2wlc .

(4.29)
1 .

a; = K, (Juw,) =
1 : L (Cghe Ju,? + jw © %) -
. C

F ' Lo i
: t . R
Equating the coefficients of exp(jmlt) in Eq?. (4.18) using (4.25)—(6:29)

yields

B (Qu) = K (Jw) -1 - . . e o - (4.30)

- o . . N

i A Y S e ‘ ‘
Thus, for the given circuit, the first-ord transfer function Hl(jwl)

1s simply the special.solution of: Eqns. (4/18) and (4.24) when
. . . A

y=A=0; 1.e., Hl(jwl) 1s the linear reépons . Note that ‘the resonant

1

frequency is given by .. b L
-2 o i
w = [L(Ce + )] R (4.3

and tﬁe small-signal gain A is .

T e T8 e o ;;,/—f’”‘
- i . /

as exﬁected.fron 11near circuif‘énaiyéis. Sinte g <O,aﬁ//b >|g° . the
‘gain A is greatet than unity I g -

- Proceeding ainilarly to detenine the second-order Volterra

trnnsfer function H (jwl,jw ) let the inpux be | ' '

Id
.

v (t) = ex_p_(j;n,t,) +'exp(;lq/2t:)'.' - ,. o+ (4.33)
R A -
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N

™ . where wi and éz are incommensurable frequencies lying in the amﬂiifier

passband. Assume a Marmonic response ~
o - . '/°
v (t) = E 2 ay expl)(me tfmw,€)] . (6.34)
m=0 n=0 ' ' *
v i \\'.’
Substituting "Eqns. (4.33) and (4 34) into Eqn. (4.24) and employing'ﬁhe . 4

ptinciple .of harmonic balance together with (4.18) giwes: the desir«ﬂ

coefficients: / ' e v:*
‘1‘5:_ R B . [ {fﬁ“ ' I,:" "
U e, { R,(0,0) = H,(0,0) = 0 E . ;jgs\ (4.35) %
. T o
valo" = K,(ju,,0) = K'] (_1(»1)‘=='Hl (fml) +1 - ' T (4.36).
ag; = K,(0,3u,) = K [ Guy) = B 1oy + 1 - (4737
and ‘.81‘1'.- Koz(jwl,jwz) - Hz(jml,jmz) 0. o ‘ . (4.38)

The second-~order Volterra tramsfer function Hz(j“i’jwz) at the frequency

m1+w2;1s identically zero as a consequente of the asauﬁptions leading to

4

Eqns. (4.13) and g&.14).~ _ . ) o
* ' “- 'In the same way, the third-order Volterra transfer function
., .

H3(jwi,jm2,jw3) at the frequency w1+m2+w3,1s determined to be

[ . =

: a - K (j"’l’j“’z'J“’ )-= H (3w, ,30,,3u,) : | (4 39)
: 6(w)tw tu, )[A(m+m-hn )—jy]I—I Ki(j“’i)
o H Gy dupaduy) = — s -,
L. (C+c)(w+m+w)+j(w+m+w)(6cng)

- (4. 40)
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This procedure can be continugd indefin tely toegfind higher=
order nonlinear transfer functions in terms of/ lower-order nonlinear

transfer funqtioﬁs as in Egn. (4:37’). Because HZ(J‘:’DJ“’z) is identically
[ ] .

zero, all evas®higher-order transfer functions will also be zero. All -

odd-order transfer functions will be. non?;a_. It 18 assumed, however,'
that the device gonlinearicies are suff{¥iently small that the first :

. !
five terms of the Volterra series suffice to chéracterize them. The fifth-

order Volterra transfer.function -at_the. frequency (m1+w2+m3+w“+w5)

‘is given by 7 . . }
. v

[} ) ‘o ) .

Hy (30,56, Ju, »Jug) =

6 22 x-z_;o'mll(l(jmr)mz l(l(fwz) “3.(3‘*’3’3“’%’?‘,"5’.)‘
. \ . i ‘

»

+2 ~xz'5 [mll('l Qo k1<4w2> (gFu, tug) Ha(.jwa,m.,',jws)]

+ )‘210 Kl(j“’l) K, (j“’z)(“’3mh"'w‘5) Hy(Jug, 3w, ,Jug) - , \ ‘
+ AZS‘ [mlkl (jwl) , _Kl (j“z) 53(1“’3:3‘”“.)1”5)]

. ) ' ' - - ' . R . '< L . '.

g B DA LT e

| L ‘_ ‘ . - .. . . : ‘ .
- YZ;O K, (Ju;) Kl(j“’z)(“isﬂums’ ’33(3@3,34:;,5(;:5)} *
L . . 4 _

-1 N, .\ 2 . TR
3%«: = (Cotey) (uphu hu 4, )" 4300, 4oyt du te ) (Gctg°)§
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* gwhere the summation~2:é .extendalzfer the N nonidentical products that

« S . . o ® 90

)

e&ﬁ be obtained by perjting the Subscripts of the argumentk\u

-

Hn(jul,jwz, S LN ) is smetric, and "identical" is used insthe sense -
that H (jm ,jw ) is° identical wih H (jw ,jm ) and H, (Ju,)- H (jw ) is
.1dentical with H (jm )+H (jw ). From Eqp (4.41), it can be seen how o

rapidly the high-order transfer functions hecome very complex. H, Has

90 terms in the numerator. .
. v : . , ' < s

(‘7

P
.

3 3 Intermodulation ‘Distortion in an IMPATT Amplifier
As discuased in Sec. 2. 3 " a two—tone test i{s used here to analyse

intermodulatipn (IM) distortion. Let the input to the IMPATT amplifier
consist @f two unmodulated signala of equal amplitude at {ncommensurable
. \ , ) . . X . . .

frequencies w, and. wz,-i.e,, ‘ e i
- ’ 4 ‘@ o
”:vi(t) = V(cos w; t + cos w, t) ~1§_ .o . i4.42) )
The amplitude V is related to the input powerby Eqn, (4 22) where Pin
: in ‘this case is the iQBut pawer per. tone. - p_ ,f i:f(\
Nonlinearities in the amplifier will give rise to IM distortion
-
vproducta at frequencies m1+w2, 2w Zm im 3u t2m2, etc.. Since the
- bandwidth of the amplifier undeﬁ conaidetetion is much. less than sh
»
 octave, n-band ™ products occur at 2w 1~Yas 2w 3w 2m2,3w2—2m1, etc.

Third-otder intermodulation IH is defined in Eqn: (2. 15 Since

the Voltetra series repreeenting ‘the nonlinear moded - includes terma up

to. the fifth-order,)both the third— and fifth-degree Volterra kernela

will contribute to the third-order distortion producta. For tmall diltor-_

.\,‘. -

' tion only these terms need be included as the higher-order kernela ‘be~ 4f'

RN
- -
.- . B
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coomo \;ery qmll.% shown in Appendix A that, for small dil‘tgri:ic;n

and for input 'freque‘hcies’ ‘Wx“"-'ufz',' “t’hé‘“tftird-ar&er':li! product in the ris— -
, . . . b
_ponse vr(t). at frequency 2w1—-w-2 is :

s . " ¢ : . .
» . . . . } M ~ .
. . i

- N . ; ’,

. s -
«

vz.wl_w (t) .Z v"ﬁr(le ,jwl, Jw )Icoa[(Zw -w )t + arg H (j“’l'j"’l' jmz)] ¢ ’
2 5 x .

’ L

Z.V IH (jw jml. jwz,jwl, jw‘ [cos[(2m -wz)t

.

a3

T
)
W

.?

Due to the symetry of H and H in.tfoir arguments, the third-or;let Dl R

product in the response v (t) at - frequency, Zuz-w is the -same exprenion ll ,:

Eqn. (!o 43) with W, dnd w, 1nterchanged The fundmental signal 19 v (t)
d . . l . . e . _\ ’.‘;".~

at frequency w,; is given by : BRI SR

e . - . Lo~ -~ 3 AR W .

Wy (05 VI ey leonluy e + arg 1, (i
“".‘} : /

. Subetituting the anplitude of v, _ wzcc"')" from Eqn.. (4;43)»‘(1;316153 ”':'r‘ie";:'- T
1= .o % o

, ‘phase differences between the leterra ketnels) and . che nlplitude of : S
'jv (t) from (4 44) into (2 2) yields the th:lrd-order n! d:lctortion 1n the

output of the mplifier at 2w, -“'2

R . o . AV

‘? - ,'04 V ‘,,~" - ,

gm (;m) -:“.vfo 1og {ml . jwl,jml, ju )4-5v H (jw .jul, Ju ..‘(w " Ju )A

-



) D

R N DALY I B L e
_ ’. Simil!rly che fifth-order intermodulation diqtortion ™, is de~
:fined in Eqn. (2 3), Beoause the Volterra series is truncated at “the r\\ o

4fifth—degree term‘ only the fifth—order Volterra kernel will contribute to
: e

the fifth-order ™ prbducts at 3w -2w and 3m2-2m It is shown in
Appendix A that, for small distortion and input fzoquenéies w1~m2,'the,
‘fifth-order IH product in tpe output at frequency 3m —2m is

~

)’.

| vwl_zw <c) = 1,vf‘ |8, (jml.jwl,jw ; Jw,. -3, )I . el
cps:[(3xl-2o2)t + arg Hsgjwi.jml.jwi.;jmégqué)l...,f'r L (h.k6)

uAgain, sinte H§ is: symmetrical in its arguments, _the £ifth—order product
at12y2-2w ‘18 the’ sanh expression as Eqn. (4 46), with w and w, interchanged.'

: The amplitude pf vaw _2m (t) snd of v d(t), from Eqns T (4. 66) ‘and (4. 66),
1 2 Wy

_is employed in (2 3) to obtain the fifth-order IM distortion 1n the ampli— -

' fier output at 3m1~2m2. o oo g;,: f . ..' o R 4=_iyff

. .0 - - .- N - ) o
- - L X i .\L eacff
. . SR

'SV"lﬂg(jwl,le,le, jwz, Ju )|

. T, (dB) = 20 log i
T 8 |H (jm )l e
//‘ .- . . . ‘ L ‘/-.."-> . fe d > ,.
| L oo o o S ".{J'u‘i~ BN X
- The Volterra tranpfer functionsli H ‘and H ‘are expressed in terms :

}

of the paraneters of the amplifier nonlinear model Once the valuea of BN

these parametera haVe been determined experinentally, the ™ distortionf

*

M, and M, can be computed. ~nJ

' For small distortion, a closed—form expression for IM can be de~

riqu directly in terms of the device noulinearities In this case, the ﬁ11



’.,'that w1~w

.'1nto.(k.40), we get

ST Hy(gwy, 3y ,m3y) =

Cor |H (jwl,jwl, jw )l

"_:‘Eqn (4 22) We obtaia the simplified expression

. 1‘_ . !

contribution of the fifth-o;der term HS to IM can e nggl/zfea\and ™,

~

beconey froq;ﬁkféSS,

. S 21, ‘
o W2 |H, (o, 530, ,~fus
" M (dB) = 20 log|__ [H; Gy 30, ,-36,) |

- 418, Gup) | o

P

.'F‘Then, considering operation near the resonant frequency W, ‘at midband 80

-

2 wo, and substituting the small—signal gain A from Eqn (4 32)

t
-

54

R o ‘6(}\4» -jy)(A+1) R e '('1.:4.49)

' j(G +g)

Substituting Eqns (4 32) anq (4 50) into (4 48) reaults in

[(M )2 + Y2]1/2 3 2

f IM3(dB) = 20 log
B R Y -s)(G +g)3

.

;lLeatly, relatfﬁg the “““““ 1itude V ‘to the input pawer Pi per}tdne‘frOm__Ay

: 1/2, - vgf
S 2 [(Aw )2 +. vz ] . qfﬁgin' b
) m (dB) - 20 1og -
LT A(Gc' )(G "’3)

FY
3

f Equation (4 52) relates nhe third—order diatortion IH3 to - the small de—

/ -
. ‘ \

o

/ A . ) f . ; . o o, v..\.,.

,/f%%(///

93

(4.48) °

[(Aw )2 + yz] Pan? L 0y

sy

LG



: vice-nonlinee;itiea A ahd‘; difeétly; as-a function of the input power
per tdne neat'nidband. - . .

'4.3.4 Third- end,Fifth-Order Intercept Pgiﬁts of an IMPAfT inplifier
| The third- and fifth-order intercept points P, and\P defined in
Sec. 2.3.2 can be determined once. |H, [ IM and;ﬂn ha““ been calculated
and plotted on a 1ogarithmic scale. In the case of small diatortion a

" cloged-form- expression for the third-order‘i?tercept point P can be

_derived as follows. *

fueing'the definitions. of P3 and IH3 the intercept point occuta i
~at'the output power where MM, is 0 dB or where, from Eqn. (4.52), the

: inputlpower per tone 1is

. 3
. (G -g )(G_+g ) -
Py () m o (4.53)
N —
n I 2 2 11/2- 2 '
72]0w )% + v ] 62
Since the output power’(iJLdBm)et the intetcept point P, is
CP,(m) 10 log (A%Rgu0D) +30 . L (4.56)
.efter.substitutihg Eqns. (4.32) 'and (4.53) we have
(6 -g,)°. (6 _+g) S
e 20 c o +11.43 - S (4.55)

P, (dBn)= 10 log ‘ :
3 : _ . 1/2

2, 2 2

[(Awo)z + Y ] 'GC

~Equat1::\i; .55) is a relatively aimple expression relating the intercept

point the device nonlinearities.



 4.3.5 Gain Compresaion in an IMPATT Amplifier
s : :
Gain compression ia the nonlinear effect observed in an amplifier
when, 1f the amplitude V of a single-frequency input signal w

N

vi(t) = V cosiut ‘ - . (4.56)

- is increased, the amplifigf output does not increase liﬁearly with the
in#ut'but,ffathér,igraduallf falls behind. On.the'qgher hapd, if4tbe gain
increases, thg.nonlinéar_gffedf'ié“¢alled gain expaﬁeion. Gain compfeséion'
or_gain expansién can be 1nvestigdted usingrthe Volterra transfer fﬁn;tiops
[§2]. For'sméllydevice.nohlinearities, the terms’aécéunting for t£i§ effect .
afe'ﬂ3(jw1,jmi,-jwl) and ﬁs(jwl,jwl,jwl,-jwl,;jwl). Thé rénpbnae vr(t)gatb
frequency w, is shown in Appendix B to bg'\° B |

o~

‘ nggt) = VIHI(3“1)|°°° [mlt‘+ arg ﬁl(jml)l

+f%-§3lﬂa(jw1.1wi;-1wl)lcos»lw1t=+ arg Hy(Juy,Juy,=3u))

<5 yS . gy
‘+_§.V IHs(jwl,jml,j@r,—jml,fjwl)|cos [Qlt
-+ arg Bg(Juy,du 530 3w ,=jw )] S (45D
- The departure f?&m linearity can be examined by considering the compres- ”:-
o bion‘;afio ¢ in dB defined by [92]:

. ¥

c(dﬁ) = 10 log ‘v Amplitude of outputlat-funddmental frequéﬁéy,

. | Amplitude of linear tefmlin odtpu; atsfﬁndamental fredhency,

- o \) . (458 :
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Substituting the absolute values of Eqns. (4,&4) and (4.57) into (4.58)

results in
&

3V‘2’ H3(jwl 'jwl ,‘le) 4+ Svl‘ .HS(jml :j“’l 03“1 "'.1“’1 t’Jml)

c(dB) = 26 log (1 +
, 48 Qu) 8 H, (Ju;)

(4.59)
In narrowband circuits such as IMPATT amplifiers, the relatiue"

phasea of H,, H3 and H  may be highfy frequency dependent. Depending on

\

thefy relative phase, the odd-order products may vectorially add to, or
.suhtract_from, the desired signal, thus causing gain expansion or com—
pression respectively.

3.6 Computed IHPATT-Amplifier Distortion
The IMPATT-amplifier gain and phase shift were meaaured across the

passband as will be discussed in Chapter 6. The experimental small-aignal

re8ponae (P = =30 dBm) is‘plotted in Fig. 4 3. At the centre frequency

-

5. 905 Gﬂz, the amplifier has 17. 3-dB gain. The 3-dB bandwidth extends from -

5 879 to 5.943 Gﬂz The coefficients o£ Eqns. (4 13) and (4.14) (neglect-
ing terms of higher degree than the quadrauic) were fitted to the elec—
tronic admittance data of Fig. 3. 15 for RF voltage amplitudes up to 10 \
Trat the centre frequency, the maximum error in the least mean—squares fit
was 1.7% for the electronic conductance and 1. 31 for tthe equivalent elece
.tronic capacitance . The " circuitbparameters G, c’ C were then chosen
using Eqna (4.31) and (4. 32) to give the nonlinear model of the. amplifier
-fhe .same amall-aignal gain at the centre frequency, with the same Q and

3~-dB bandwidth as the experimental ampli er. The calculated valuea for

\ '

b

Ehe parameters ‘in thé’nonlinear equivalent circuit of the IMPAIT ampli-

fier are listed in Table 4.1, In Fig 4.3, the amall—aignal gain behaviour

)
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TABLE 1..1\ '
s
IMPATT -AMPLIFIER NONLINFAR MODEL PARAMETERS

)

PARAMETER - VALUE © DIMENSION.
g, ~1.027  ms,
Y | , 8.651 x 1074 nS/v2
¢, 0.1643 pé
A 6.288 x 107> - R
;;c ' 1.351 | | - s
L,  0.8998 . oH
c 0.6430 o pF

of the nonlinear equivalent circuit is seen touapproximate the measured
response within 0. 5 dB over the’ 3-dB passband. The phase shift of the
amplifier model dOes'not.follow.the measured phase shift as closely in

" Fig. 4 4~ the predicted phase shift does not change fast enough with
‘frequency due to the ineufficient reactance slope (dX/dw) of the single
L (C +c ) tuned circuit. However, the neaéured and predicted phase shift
do agree. within 20° over the passband The predicted and meaSured res—
ponae differ significantly for input levels 1arger than -10 dBm, or an
RF voltage 5 V across the active diode, where terms higher than the "
quadratic cannot be- neglected in the characterization of ‘the diode s °

electronic admittance by Eqns. (4.13) and (4 14)

The variation of the IMPAIT 8 conductance parameters,/go, Y, and-

the IHPATT's cupacitance parameters, cor A, with frequency is shown in
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Figs. (6;5) and (4.6), reepectively. All of these parameters do net -
change app;eciably from their values at the centre frequency, 5.:§§\§Hz.
The effect of such variatigns on the computed results was found to be
negligible. Fixing the model parameters to the values in Table 4,1 is,
therefore, a reasonable aseumption. | ' v

Figures 4.7 to 4.9 show the linear, third- and fifth-order non-
1inear transfer functions, respectively, for a two-tone input (l-MHz
separation) in the passband of the amplifier. The aMplitudes.of the Vol-
terra tranefer functions are maximum at or near the centre frequency.
~ At 1input signa] levels less than ~21 dBm, corre&ponding to a maximum
RF voltage 1.8 V across the active diode, the nonlinear model response
in Fig 4.3 deviates only slightly from the linear transfer function.

This indicates that eeventh— and higher*order reBponses contribute

negligibly and that the fifth-order model is adequate for that range of'

.

inputs.

. The dependence of tno—tone M distortion on frequency for a con-
stant total output power of -10 dBm 1is. depicted in Figs. 4.10(a) and (¥).
‘The value of third-order IM distortion calculated when’ neglecting the
' effect of fifth-order products 1is seen to be maximum at 5. 905 GHz or the
centre. frequency for the small—signal case ‘At the higher signal level
required for -10 dBm output power, Vhere fifth—order effects came into ‘
‘play, the amplifier gain decreasea and the reSOnant frequency shifts to
a lower. frequency. Since device nonlinearitiea are coupled most strongly
to the external circuit at the resonant frequency, M, decreasea ‘and also
‘shifts as plotted in Fig. 4 10(a) when fifth-order distortion is included.
This effect was also observed experimentally hy Trew et al [32] The

fifth-order ™ distortion, Fig. 4. 10(b), is 37 dB below IH on average.
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Figure 4.7 Computed linear transfer function, at frequency f1, for the '
experimental IMPATT amplifier (Id = 25 mA) with a CW input.
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‘ signal nonlinear Volterra series model For higher input pOWer levels, >

) ~ 106

N

The results in Fig. 4. 10 demOnstrate that ‘the magnitude of the IM pro-.
ducts is dependent upon both the nonlinear mixing properties of the
IMPATT diode\and thc amplifier passband behaviour The variation in IM3
across the passband is 2 dB whereas IM varies by 8 daB. .

Third— and fifth-order IM distortion as a function of input power ‘

L) ®

at the centre frequency 5 905 GHz for a two—tone input with a fixed fre-

quency offset of 1 MHz are p]otted in Pig. 4: 11 IM3 is plotted both in- .

‘ cluding and neglecting the effect of fifth-order products. For input levels<

vless‘than -30 dBdi per tone, the fifth-order products contribute negligihly ;
'
to IMé AC an input. level of‘—Zl dBm per tone or -18 dBm total power, the

value of IM including fifth—order distortion is 3 dB below the value

'neg]ecting fifth-order effects. Therefore an input level of =21 dBm per

3

tone is taken as an’ upper limit on ‘the range of validity of the small~ .
/

A

more terms mugt be included in the Volterra series to represent the de-
\

vice nonlinearities adequately The. fact that the model breaks down at

S
\\ - -

e such a 1ow power 1eve1, corresponding to an amplitude of about 1. 8 V for

s
(3f =2 f ) for ‘a two-tone input under the same conditions as for

-the RF voltage across the eXperimental IMPATT diode, indicates that the ,

diode is quite nonlinear. .

"The outpuv power at the fundamental (fl), at the third—order.-

distortion product (Zf -f ), and at the fifth-order distortion product

e 3 gt

‘Eig 4‘11 1is plotted in Fig 4 12 It can be seen that at —18 dBm
‘ B

: total input powerf third-order IH diatortion 18 34 dB below the" funds—

Y

—_——

3

,'mental and fifth-order IM distortion is 47 dB below-the fundamental The

)

fundam ntal d!tput power is -3 dBm (0 dmetotal) for .the: same input. At

higher power levels the fundamental output’ power begins ‘to saturate' :'

i . . R [N
| . S ‘ | .

e ™
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"‘Figure b ‘10 Predicted frequency—dependence of IM distortion, using
" Volterra series ‘analysis, for the experimental IMPATT

"amplifier (14

= 25 mA) with a two-tore input (f, = f, + i MHzZ).

and constant -10—dBm output power. (a) Predicted third-order,

-+ 'IM distortion at 2f1 -f . b) Predicted fifth-order M dis-
'"utortion at 3f —2f /}’ . _ o
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houever, the absoluterualue‘cannot\be ascertained, since it occurs inv
the large-signal region: The small-signal results have,been'extrapolated
to obtain the third-order intercept point +11.5 dBm, andlfifth-order' (//
intercept point +8 dBm. The proximity of these 1ntercept points is‘v

further evidence that both the third- and fifth—order nonlinear responses

-

are important relative to the linear response for input levels greater

than -21 dBm per tone. Equation (6 55) also gives P, = +11.3 dBm using

" the values in Table 4.1.

) The results in Figs. 4.13 and 4 14 diSplay the frequency dependence )
of IM and IMS, respectiuijy, for constant levels of the two-tone input:
signal Third—order IM distortion is msximum at the centre frequency, o,

| which shifts to a lower frequency for signal levels outside the small-f
. signal region. M ‘varies 5 dB over the passbandvfor signal levels less

than —28 dBm, and 8 dB for —23 dBm input level per tone IM 1s maximum

at 5. 910 GHz due to the peak in the fifth-order Volterra trsnsfer func-

'

‘tion at that‘frequency, the variation is 13 dB over the passband
Results. for the upper IM products (2f f ) and (3f -2f ) dif-
f‘fered from those of the lower IM products by 1ess than 1 dB
, Lastly, the amplifier gain compression for various CW inputs is

ower level in Fig, 4.15. Amplifier expan—

shown as a function of-

sion or compression can occur depending/ he relative.phase'of the

‘transfex functions H, H,, and H_. The IHPATT ampli _ A'nder-considera-”

3’
tion here generally exhibits compression except at the low end of the

- passband where expansion occurs. Identical effects have been reported in
the literature [31] Furthermore, the. theory predicts that at the fre-

ency 5. 895 GHz the relative phases of the Volterra transfer functions

‘are such that ‘both compression and expansion occur as, the input level is

s
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raried: the amplifier appears to have an extended linear range, whereas
the two-tone IM‘test shows the amplifier.to be nonlinear. For this reason, _
™ distortion measurements are a.more dependable indicator of amplifier
nonlinearity'than,compression tests LQZ]. The output pbwer is dominated by‘

- ' v . .
H,, with H, and H¢ introducing the small compression terms in gqn. .(4.59).

W .

Hence the fifth—order Volterra Series model is applicable over a wider range
for predicting compreasion than for predicting ™M distortion. For compression,
input leVelsiup to -15 dBm can be considered in the,model. Within this

‘range, the  max imum compression occurring in the passband 18 1. 2 dB, and the

-

maximum expansion is 0.015 dB. Outside this input range, the compression

apparently increases without bound because the five-term Volterra series

does not suffice to represent the diode-nonlinearities

Experimental verification of these results will be discussed in

Chapter 6. oL B 4 ' T I
4.4 Extension of Volterra Series'Distortign“Analysis,to a
Microwave Feedforward Amplifier .

- In this section, the effect of feedforward linearization on the

a 1}

distortion.producedin the IMPATT amplifier just described is analysed

The analysis, which employs a- Volterra series reprcsentation of the main

-

: power amplifier, is general, however, and can be applied to any practical

' amplifier.'

_ _[ :
4.4.1 Basic Nonlinear Model of a Hicrowave Feedforward Amplifier

_‘ An equivalent circuit for the basic feedforward amplifier depicted
‘in Fig. 2. 8(b), 15 shown in Fig. 4. 16(a) The input to the feedforWard
: amplifier is. the signal x(t) its output is y(t). The 3igna1 to the error ’

'amplifier is e(t) Operator notation will be used for analysis._Let the .

-
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[

main power amplifier be denoted by the complexigain operator H[*], and the
orror amplifier by the complex gain operator Az[ ]. The main delay line,
having delay At seconds, is denoted by the time delay .opefator T [ ]. The ,

error—correction delay line has delay time At2 seconds ‘and is denoted by

the time delay operator fz[ 1. The-input, output and recombiner directional

couplers have voltage coupling rabios kl, ké, and'ka, respectively. For

reasons discussed in Sec. 2.5,' the ratios kl’ kz’ ahd k; are generally
much less than unity.for a feedforward emplifier. Attenuation in the
gignal arm betwaen the odtput couplen,and the comparator is represenbed

by u ~ Other: circuit losses are not represented explicitly Sueh losses are

.
T

'easily-accounted for by simple modification of the above parameters, how--

-

ever, the notation becomes unwieldy and nothing further is gained ftom the

analysis. The values for k1 kz, k and u are chosen from loop—balancing

'considerations. The gain operator for the overall feedforward amplifier

' is‘denoted_by G[ ] Simple circuit analysis of Fig 4 11(a) yields the

following equetions'in operator form:.

o o) - r [k x(t)] -;u k (H.[@'“x‘t)]_>.' » " >(&.608)v’..'
y(t) = G[x(t)] -JTk—Zg 1a1<2 ( [‘ﬁ:—;f x(t)]) ]s + hs(Azl'e(It)‘]).

- (4.60b)
Combining Eqns. ‘(4.60a) and (4 60b) we have

otxcon - {7 | W ( W o))l

Ll ol ol e

' Since‘Eqn;é(4.61) must be Eatisfged,for allﬂinput signais, this eﬁuation

can be,symbolieally expressed by

-
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_ _ : |
G = Jl—kZ * T *‘/1—1@ * H *JHJ
3 2 2 : 1

k A | - . K [1-x2 ] : .62
, * 2*['1‘1 *‘kl u, “2.*“*\1“1‘ o | ,,-'(4 62)

where * denotes the cascade operation. !

It is assumed that the main amplifier can.be represented by‘a
. ’ :

Volterrs~series. This assumption i1s valid for all p;acticdd amplifiers

which are inherently restricted to a region of asymptotic stability

[21]. Furthermore, it 1is assumed that the amp]ifier,nonlinearities are .
) i . .
.small enough that- only the first five terms of the Volterra series are

sufficient to characterize them, as in Fig 4, 16(3) Then, from Eqns.

(4.4) to (4 7) the main amplifier output Y, (t) is related to its input

, x.(t) by
o r

L . n ! .'. ‘ ) v : .
Y (t) = H[x (t)] = E f fh ('r " ,,,,;rn)l I‘x.1 (t;ri)'dri : (4..63)
"~ o=l T g1 o | | o

where hn(Tl,Tz,.;;,rﬁ)is the nth—order Volterra‘kernel for the main
o

amplifier and-where K

x, (0 f”i.v,l.:-"kf x(t) " SR B .60)

‘ . . ’

The range of integration extends from 0 to present time t- because only

causal input functions are considered. The remaining components in the -
{ .

: feedforward amplifier are assumed to operate linearly This is ‘a valid

assumption proVided that'

ST 1) the main amplifier introduces only small distortion, i.e.y -

LI
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the main amplifieA nonlinearitiee are small. ‘ ,

2) The error-detection 1oop balance is sufficient that the aignal
". to the error amplifier is easentially the main amplifier distortion signal.
" The error amplifier then operates in the linear. small—signal region
Under the above conditions the fe_edforward ampl_ifier can glso be represenbted.

by a five-term Volterra, series; i.e.,

. » t t - - ' . '

y(t) = G[x(t)] = f f gn(r-l’Tz"” T | I x(t Ti)d'ti v "(4.65)
‘o n’l 0 isl - ’.

where gn(r B Tysene ) is the nth—order Volterra kernel for the feedforward '

amplifier The overall feedfoward system representation is depicted in -

Fig.,lo..16(b). Substituting ,Eqns. (4.63) and (4.65) into (4,62), we Obtain
\Jt,he system eeue.tion ‘ - \\ - .

.

- E f.nf . gt"(.-‘t N gt ) I |x(t-1‘i)d'ri S o

“i=1- .

= k3 deAé(t.-o) k x(o-At )—u k _. f fh (1 T ,« ’Tn). ,
O S T o o

. n-% 1 - -

L&

I I J "kz x(O-Ti)dl’i

. i-l : ™ ‘ o
’ T t'-Atz . t"Atz . " V v ) e -
‘, + 1—k2 1--k2 E [ f h (T ,‘l’ ,...,.'tn) I I ‘/l-kz x(t:-At -‘ri)gl'ri

A

‘(4;66)'5
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4.4.2 Determination of the Feedfomand Ampli 1er Volterra Tranafer ,

Functions \
Equating the linear terms on botW sides of Eqn. (4.66), we get
ot ' . t : - ‘ - '
. . . . . ‘ ‘ ¥ . . . ¥
fg.l(-rl)x(t—-rl)d'rl = kk, f Az-(t—'o)x_(o-Atl)‘do "t
0 _ ‘ : Y I s, _ . , ) ‘: g
’ / ' L v‘ v .
M, k k \I fdo‘A (t—o) [ fdr‘lhl(ri)x(ddrl)]
o t— 0 : ' ‘“ ’
e t-At, - . R
RN R IN [ o b Yl b A — R y o
+ \ﬁ‘kl,\ﬁ‘kz Vi-k?2 f O R G
 Taking the -.Fourie,r tfans_fprm of Eqn. (4.67);»1_ R )
-gum.kkAqm;wml, SOl UL e e

V
. -
‘\

_ +\/1-k2 u (jw) [\[1-18 \[1-1(2 3“’ tz_ —uzkzkaAz(jm)] .'ft_;ﬁ,_ﬁ»a)'

B

G (jw) is the first—order (linear) Volterra transfer function for the

fe &for&urd amplif:ler. S AR

Considering amplifiers wit:b less than octave bandwidth such a8

+

'IMPA’I‘T amplifiers the second-—order Voltert‘a tranefer funct.ion B, (jwl,jwz)
. -
I will produce distortion product:s 2w1,2w2,(w +w ) outside the passband.

‘ 'Similarly, distortion productsdgrom any even-orden Volterra kerne] will

-

v ‘ 1ie outside the frequency band of 1nterest Hence there is mno need to o

t:alculate the even-order; ndnlinear tranafer functions G and G for t:he

\ "feedfoward ampl:tfier
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, " The third-degree terms on eac':hwside of Eqn. (4.66) ‘can be equated

to y;eld

‘ " }f J{
0 10 _ -

. | v' - ] : t . ,‘ 0. . ) V , | :‘ ‘. v. .
=W k k [1-k2]3/2 dc Az(t—o) ] /[dr ar dr h (Tl' 2175 )x(o'.a.—r ) L.

[ g3 T )x(t-rl)x(t T )x(t—'r )dT d'r d'r ' o

i

o000 - . e
p o= R . x(d—r )'x(o-'r ') R
t-At t-4 T I
2 .
+ [1 k2 3/ \’1 kz\’l—kz / / /dr dt 4t b (rl,;z,'r )x(t At T ) 4./-

-x(FfAtz—rz)g(t-Atéffé)' . _(4;69); :

Taking three-dimensional Fourier transforms of both sides of .

Eq n 0 ;9), K
- _~ | s : i/ . ' | - ' v-j(m ;—w .+w )At
- B Ga(jml,jmz‘,jwa)f[}-k?] . H3(j.w1.jm2‘,..‘lrw3?. Vl_"kg \ll-kg e 1M1 2,. 3 ‘2-

A T s ik kA (3 e m.ns L w70
= . B T Tt S R Mt

. & ,.'( . ) . : . ) “ . : - - - . . . ..
, R W P., . . - : T
‘ 'In a siﬂ’ilar fashion, the - fifth—order nonlinear transigz function ': o
is detemine_d §o be : '
’ e ’
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V-

6 (s, ,jw 30,30, 300 = 0= -k2P/ 2, (j“’l’jwz:.‘l“’a’ﬂ“’ij)

J1-k2 d Tok? e~ (w b u, b )8t _yp g bt )
3 k k 4 178 W3 T T g | 2 w2h2k3A2[j(w1+w2+m3qu+ms)] :

~—

. L T (4.TD)

4.4.3 Internodulation Distortion in a Feedfoiward Amplifier

The introduction of two or more nonharmonically related signals

-

iné% the input of the feedforward IMPATT amplifier results in the generation

of intermodulation signals in the output of the amplifier AB in Sec. 4 3.3,

‘
.

consider a two—tone input signal
x(t) = V(cos ‘w;t + cos mzt) : , L (4.72)

-
-
.

where w, end mz.are incommensurable frequencies in the passband of the
, amplifier For w1~m2 and small distortion, the third-order intermodulation
_fdistortion IMBFF for the' feedforward amplifier is the game expreasion as
n.! (4. 45) with the IMPATT amplifier Volterra kernels. Hl’Haoﬂs repleced

./‘ . +
~by the feedforward amplifier-kernels G G3,Aand Gs, i.e.,

™ (dB) 20 1og §.Y lac (jwl,jml, jmz?+5V G, (jwl,jwl, jmz,jwl, ~3u, )
"3FF 4|G (jm )I | o

15 2G (jwl,j ,/jwz,jqz,-jdé)l }. g | ;3(4}731'
,2 , : : _ e

Similarly the fifth—order intermodulation distortion IMSFF‘fO; the feed-

- L . - .

: forward amplifier is""'

s v
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l; ‘ . : '5VAIQS(J”1’Jw1'Jw1’Tjwz{'iwz)l
IMSFF(dB) = 20 log , . (4.74)
- -7 Ble (Ju)] - |

The feedfo?ﬁard'amplifier.thifa}grder intermodulation distortion

IM3FF is8 zero 1if

3 Gy (Juy,duy,-30,) + szcs(j‘*’l"J“’l_'”j‘*’z-’j“’l"j‘*’l)-

+ 1206, Gy Juy 30y dugrmdup) | = 0 . wTs)

Substitution of Eqns. (4.70) and (4.71) into (4.75) yilelds

. M 3 2 . . " " .
| (142" Ni-K2 \/ -3Qomu )8, (3 (20, )1]'
R A 27232
y | 3 ﬂg(jwifjml}-jwé)'+fsvzlHS(jwffjwl,~jw2,jle;jwl)[l—ka

e

~
.

e

Since the main amplifier is generally nonlinear, its intermodula—
- tion distort?’n IM is nonzero. Also k cannot be identically unity, for o

in that case there would be no signal reaching the main amplifﬂ%r We can

. thua conclude_from Eqn® 76) that o o , “lf -

\’ -k2 \’ %2 =3 (2w —w VAL Lt --4- oo '. . ,
l ‘ } 2 1fk3 e 2:.,2 ?2k2k3A2[j(2m1 mz)] =0 (4.77)
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"‘/i-kz ‘fl-k? ;e o
2 3 o (4.78)

or |A [1Qw ~w )}| = ——— .
2 . 1 2 o »
' nkk
223
and  arg A [§Q20 -w )] - = (20 -w )At : . (4.79)
o 2 1 2 1 20 2

1n order that third—order M products be zero for 'the feedforward ampli—

fier, the amplitude ahd phase balances of Eqns. (4.78) and (4.79) respec—

tiyely must be exact. v

.
-

Proceeding in, an identical-manner’for the fifth-order ™ products, .

they will be zero if

1A 11 G -20)]] = —E—2 S (4.80)
R T | o (4.8
.2'2 3
and arg'd {j(3w'—2w ¥l =" (3w =20 )At _ . (4.81)
: ? 1, 2 T T IR :

C o
[

',Equations(4f78) td (&.81),indicaceithat the_IM distortion per_
formance-of the‘feedforward‘ahpiifier is entf:ely determined by the.

.precision of balance in the error—correction loop as long as the error

-

amplifier A is operating in its 1inear region.

For amplifiera with two test tones w1~w2 applied

A --" ) = 1A .; : z A: . -20 )1 J"re .82)
14,1 = 18, Gl 1A 1320 -u )T | 213<q91.2m2)}| | (4.82)
b = arg Azgjmi):agg.Azlj(ggl-gé)lzarg AZ[;(aal-zua)J - (4.8)

o
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The effeet of loop balance on the improvement in IM distortion can be
analysed by assuming an amplitude imbalance a2 and a phaseiimbelance 62

in the error-correction loop, where

|A2| : : ) \
— | ' (4.84)
Bf—kZJL«ZJ E:kk] , .
2 2 3 .
' ! = - . At » . | | K * | ’ d "
and 62 ¢2 wl ) 4 ‘4 85)

Let the Volterra transfer functions for the main amplifier be denoted by
Hl(jw]) H [j(Zw -0 )], and H [j(3w -2w )] Aasume, for‘now,,perfect
balance of the error-detection.loop, i.e.

.k o= k 4/1-k2 |8 (4 ; o o . , . . ‘
7 VR | 1<J,9!)I S o “.8& .

'érg gl(Jpl)‘= TwlAt1’=‘_¢1, ’ T o C '(4787)vf

\

This assumption does not’ affect the generality of the present analysia.;' .

;Any imbalances_wh%ch may, in fact, ‘be present cause the error signal to’

.bé'lgsget'than for.thetpeffeetly balaneed case. Ae long as the tesulting

erfot,signalgis_smnll enough for the error emplif;er tq;ptdcess;it;lineatly,;

_ the same resuitepapply: Snbstitutibn;ef Eqns. (4;86)'to (4;87);into~(4,68);

| (4.70), (6;71) and (4)?3); in cenjunCtion with tpé.apﬁrnximAﬁien‘

’.i-qexn(-jg) - (l—aeoed)+ j&;;n 63’1—d‘+ﬁc82/2'+ jas + .. (snal} &,6) . (4.88)
_ ' o o - - 3 - :

nresnitsﬂin H

.
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15 2yy2 o . _, l
+ 2 (1‘kl)v Hvs(jml'tjwlv j",“)Z’jwz’ ij) _

[(1;-062)2 + a 52]1/2 S = (4.'89)

-

’
s/

In the Fvcdioryﬁrd dmpllfier the amp]itude of Lach tone at e input. of the

main amplifi r is :Jl—k1~V, given by Eqns. (4 6&) and (4 2) Substituting

this amplitide for- the émplitude V in Eqn. (4.45), and paring the result

N

(4.89) we obtai_n. .
v . _ . . , . } ] . N _ . .2 ) 2 1/2 ] . ) - ’ A-

e - TH,1aB) = 20 log .[(1_ o )%+ (12.62_] N R
Similarly, using Eqns. (4.84) to (&;82),7(4.68)'and-(4;71) in Egn. (4.743 :
. onevCan:obtgin » o ' o
Mgep

- IM ](dB) = 20 log'.[(l—a )2 +.q 62] / . (49D
: .5 T 2! 22 S :
For small amplitude- and/or phase imbalances, the feedforward amplifier

is thus seen to reduce third— and fifth—order ™ d;sgortionvproducts in
‘ '-" ‘ . ° .

As regards the third-order intércept point, P, graphical in-
. spect 6n.réﬁeals'that _for eyery n-dB reduction in the third—order IM ,

produ ts of the main amplifier by feedforward correction, P will be

'exte}ded by n/2 dB
[
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-:.\).,
Cad

- 4.4.4 Computed Distortion in a Feedforward-Corrected Amplifier . :
Equations (4.90) and (4 91) predict the improvement in ™ dis— ?
tortion attainable by feedforward correction of a nonlinear amplifier
as a function of‘amplitude—.and phase imbalance in the errorecorrectionv~
1oop Such imbalances are primari]y duefto error- amplifier ‘gain- and
‘phase variations with time and frequency éigure 4, 17 shows the expected
improvement in third- and fifth—order ™ product5vfor various combinations
| of amplitude— and phase imbalance in the error—correction loop. Only am-
plitude imbalance due to gain increase has been cdnsidered in the curves
of Fig: 4.17. A further set of curves corresponding ‘to gain decrease may
. be plotted but the difference between the two sets of curves for ampli— ,
.tude imbalances less than l dB are very sligmi‘/a 1-dB gain decrease
gives a curve approximately equivalent to that for O. 9—dB gain increase.
Figure 4.18 displays the contours of constant improvement in IM or IMS
as a function of gain— and phase variations in. the error—correction loop./
In Fig 4 18 both positive and negative amplitude imbalance have been —
'considered- the slight asymmetry of ‘the constant ™ improvement contours
with respect to gain increase ordgain decrease.can be ‘'seen. From Fig.,
“ 4 18, the vafues of gain— and phase imbalance which can be\tolerated for,
a desired improvement in IM and IM can be determined directly Several
| conclusions can be drawn from the curves of Fig. 4.17. and Fig 4, 18
. For - small gain imbalance (a = 0:1 dB or less), the improvement in IM
-fand in IM ia very sensitive to phase imbalance. However, when the gain

imbalan e is large (a *1 dB), the improvement is rather insensitive to

'phase imbalance. ]improvement in IH distortion of the order of 17 dB

"~'is anticipated for a large gain and phase imbalance (a = lvdB 6 - 5

: degrees) In a practical amplifier, it should not be difficult to achieve

at 1east a 20~dB reduction of the ™M products
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4:5 fower Considerations in HicroWAVe FeedfOrward Amplifier'Design

g It should be emphasized that the expressions (4 90) ‘and (4.91)
apply only if the error-detection 1oop is sufficiently balanced that the
_amplitudéfof the error signaluis in the small—signal 1inear.region of the
error amplifier.‘The effect of gain- and phase imbalance in the error-§~'
detection loop on the error - signal can be determined by considering

Eqns. (4,86) and (4.87). Consider a gain imbalanee al in (A 86) and a

phase imbalance 61 in (4.87); i.e.,
1-k2 |u ( k-1 o o ' 4.‘92)'
.J 1 ll jm1>l PR _ (
§ = - w At - . ;, - o (4.93) .
1 -4’1 u):l 1., . ) : , ‘ ) ( 4

Then, 1f the main amplifier. introduces small distortion, the error‘signal
- obtainped under balanced error-detection loop conditions consists solely
~of undesired distortion products whereas the error signal for the above

' imbalance in the’ error-detection loop is dominated by the desired signal

,‘Analysislof Fig,va.LB(a)'gives

-

<

et /x(r) =k exp(-jube ) [1ma exp( =381 R

and S o I B
y (0 /x(e) = ‘fl—kf RGO R 95 L
_ The main - amplifier contributes power, P , to the output power, P°§

the error—spplifier contributes,powern,'P2 “to the output power, where

.



‘ 2 ’ ' ’ .
P~ Iy |72z, =2 +¢ | : C (4.96)
. (1k2Y (112 12 - v -
Pl (1-k )(1 ks)lyl(t)] /22o | (4;979
. ~. 4 o . ) . .
P = k2|A (3w | le(t)l /22 ' : (4.98)

N

and Z 1is the characteristic impedance of the: transmission line. From
r0 . :

Eqns. (4.96) to (4.98) the relative contribution of P1 and P2 to P is

’ . | 2 2
P K2 JA ()| 2 e(t) x(t) ' .
2 . 3 2 . . | . (4.99)

12y (112 ' ,
Pl | (r kz)(l ks) x(t) yl(ti

Assumiﬁg the error-correction loop is balanced (i.e. a£=1, GZBQ); and

,substitutiﬁg'Eqns. (4.94) and‘(4.95) into (4.99) yields

- . ., o o _ -
P/P =|1- 467 a=? . . 4.100
/B a efp( i » A ot )

Using the approximation given in Eqn. '(4.88) and expressing the power

ratio PZ/P1 in dB,:we ootain}_‘ . ‘ N

130

v - ' ’ . L1/2 A R vl
[P2—P1](dB) = 20 log [(1*u?) +:q16f] / - 20 log al . (4.101)

‘Figure 4, 19‘ baoed'on expression (4. 161), showe the relative'coh— '

tribution of the error amplifier power and main amplifier pover ‘to the

wl

: imbalance in the error-detection loop. For a constant output power, an

, fincrease in main amplifier gain has the’ opposite effect on the power

. N . N - ..

éfeedforward amplifier output pover as a functionrof amplitude~ and phase-v
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'which must be.handled by the error amplifier than a decrease in main

amplifier gain. If the main amplifier gain decreases by 6 dB to half

. voltage the main amplifier and error amplifier (assuming it will oper-

ate linearly under these conditions) must provide'equal power. Figure
4.19 allows us to specify the requirements for the error amplifier with
a knowledge of the gain and phase variations, and distortion products of
the main amplifier [57] For example, if the IMPATT amplifier gain de-
creases by 3 dB from nominal in the frequency range of intereet (the
amplifier passband), and its phase varies by’ +lO degrees, then the error

amplifiejymyst deliver -7 dB of the main amplifier power to the output

\

Sirce rthe distortion in the form of IM products is ~38 dBm (5ee Fig 4 12)

~ for an output power of 0 dBm the error amplifiergpower;requirements would'

be dominated by the IMPATT amplifier variations.
. : S l - ‘

\.' ~

4.6 Gain Sensitivity of a Microwave Feedforward Amplifier

, Assume that a small gain imbalance al and phase imbalance 6 ;f

'given by,Eqns. (4 92) and (4 93) respectively, exist in the error-detection

loop Also, assume . that a small gain imbalance a2 and phase imbalance $ 2

where G'(jw) 14 the complex gain when a precise balance exists in both

. gsent. ' o oL v N

‘ given by Eqns (4 84) and (4 85) reSpectively, exist in the error—correctionl -

loop Substituting these parameters into Eqn. (4. 68) ‘we. obtain

_ . ?7 ) : - ‘
G (/6" (Ju) = 6 ‘exp(-15) + a expl(add ) - s o exoloi(6ws )] (41025
g (_jm)/G1 ijtx{) o _'exp( JGI) a efp( j 2) a9, exp[ .:l‘(Glr\t 2)] (4.102) o

loops, and G (jw)\ﬂs the complex gain when the assumed imbalances are pre- o

"zof small phase imbalanoes;‘i;e.;'Gi;and-ﬁé_<<'1;

a

"1



G (w)/6'(Jw)| = o +a - o a ' ’ . ‘ 5.103

| 1(4'?/ 2(3._| 1 02 1 2 S ;( )

Thus small variations of phase are unimportant as far as their effect ‘on

the gain of the feedforward amplifier is concerned Suppose that the gain

. of both the main amplifier and error amplifier deviate from the precise

balance value by pz from Eqn (4 103) ve note that the gain of the feed-

forward amplifier system is changed by only 0 01p21 Moreover, we note

that, if there is a precise gain balance in either the errorndection—'

" or error—correction loop (i e. a1 or 02 = 1), the overall gain remains f o
; S

almostj constant for small phase imbalances. :

A study of linear gain sensitivity of a feedforward amplifier

[94] indicates that the. c0uplers in the feedforward loops are more criti—"'

" cal components "for linear gain variation than the main or error amplifiers.‘fgl

'However, it is also shown that if the nonideal coupling deviationa are'

) systematic, the couplers can compensate one another 80 as to minimize the

’effects of the variations._ f;, »inh"}:f; k; Lk pﬂ‘.ff”,a

'j417 Summary ‘

Volterra series.an&tysis.is a g;neral and useful technique for E
\.r

-fcalculating intermodulation.distortion in a nonlinear amplifier with
“multiple 1nputs. In prattice, however, it is restricted to the repreeen-f

. tation of mildly driven nonlinearitiea for which the first terma of the e

Tk,

-‘xVolterra series euffice. A five~term Volterra aeriea is uaed to predict

"third— and fifth—order intermodulation distortion, and intetcept pointa

I

'for a narrowband IMPATT amplifier with a two~tone input and gain comprea-"

1,

sion for a single-tone input The model appliea up to an input 1evel of i_f}

T

- —21 dBm per tone for IM distortion, and«—ls dBm per tone for gain con—

I
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" :
.pression. Maximum third-order ™ distortion is predicted to be -38 dBm .}

in this region for a fundamental output power of 3 dBm, and intercept

point of 11.3 dBm. Maximum fifth—order ™ distortion is predicted to be

: -52'dBm with an intercept point ofv+8 dBm. Gain compression and expansion.
in this input ranée is less than 1.2 dB over the passband‘of the amplifier;'

'»Since the model ceases to be valid at small signal levels relative to the"

.

power rating (100 mW) of the- diode, it can be concluded that the IMPATT |

Hiode is a rather nonlinear device. L

.

Volterra series analysis of the feedforward amplifier‘predicts

the improvement in 1. | distortion as a function of error—correction loop

-

'gain- and phase imbalance. - Two important characteristics of the feedforz.—.

ward amplifier are evide : 1) in setting up the feedforward amplifier, .
N , S
.. the error-detection loop balance determines the error amplifier pOWer

g -

while the error-correction loop balance determines the degree of cancel—

: llation of distortion'products, 2) for the reduction of distortion products

to be consistent close balance of the error—correction loop must be T

maintained Hence, the error amplifier gain- and phase variations mpst .

,_either be very small over the frequency range of interest, or. else some

TIadaptivg loop—balancbq‘ technique must be employed (56]. These restrict—
&

ions can be relaxed for a 1ower degree of improvement in ™ distogtion.
g s . . , ’ f .

. : P
Lo . X . - . . .

L



CHAPTER 5 -

QUASISTATIONA‘& NONLINEAR DISTORTION STUDY OF A

! ‘ ; FEEDFORHARD—CORRECTED IMPATT AMPLIFIER = |
Co - 8 :
5.1 Introduction a erview: . - R X
Y __ : : -~

A second metﬂod‘of*analysing feedforward IMPATT amplifier
. intermodulation (IM) distortion is developed in this'chapter.‘
The IM distortion of the IMTATT amplifier itself is first calculated.
the distortidn,is obtained, together Vith the.fundamental output, as
the steady—state frequency-domAin'aolution of ‘the complex nonlinear.
differential equation describing the equivalent circuit of the
amplifier. The effect ‘of the linear feedforward circuitry on IM
distortion‘is then determined by conventional linear circuit analysis. =
| The method ofianalysing lﬂ?ATT—diode amplifier’distortionris

.applicable'to other two—terminalfactive devices. which display[negative

_ny”/,—eonductance to the external passive circuitry. ‘Such»devices operating'”'
at fichawave frequencies g;rmally exhibit nonlinear susceptance in
'additi n to nonlinear negative»conductance, where the admittance is
[a nonlinear function of RF voltage amplitude and frequency. “
An accurate device .pdel should include both of . these elements
'i'so that memory effects are accounted for. In the present approach,
th}the nonlinear conductance and the nonlinear susceptance of the active
lbdiode are mathematicall} described by bicubic spline functions which
iinterpolate the active diode admittance in both RF frequency and applied
RF voltage level.» The passive circuit admittance seen by the active
c'device is also represented by a cubic spline function interpolation f.

in frequency. 'me .ta to be interpolated may: be in- analytic, 3raphical

™
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A

or distrete point form. Thus, the method is compatible with experi- .
mental measurement of the activerdiode admittance and passive circuit-"
E admittance. These mathematical representations of.the active and.
passive microwave circuits are then related to the differential
equations describing.the'respective terminalvvoltage-current relation—
'sﬂipa. a high-order linear-differential equation_holds true for the
» passive circuitry while a high—order nonlinear differential equation R
is assumed for the active diode. ‘
In the steady state, a nonlinear system, which has two or
more input signals closely spaced in frequency, generates IM diatortion
products (centred at the input frequencies) at the output. To" determine
amplifier IM distortion, a balanced two-tone current signal is injected
into the parallel connection of passive and active circuit admittances -
invthe equivalent circuit. The_fundamental_voltage responae, in the
zone of the input frequencies; is aasumed to be slowly varying‘in |

amplitude ‘and phase, eompared with the microwave carrier frequency.

‘(this is the quasistationariiy assumption). Ihe steady—state voltage

reaponae is calculated by numerical solution, in the frequency domain

- of the ‘comp lex nonlinear differential equation describing the IMPATT“
amplifier. The IM distortion products of the IHPATT amplifier can be ;_

>identified directly since the solution is obtained in the frequency
domain. \\\i o ".. ._ ;'f - . ~~”—-: - L

‘ ‘ Most of this chapter is devoted to the presentation of the
'_above technique for evaluating IMPATT amplifier‘ﬁistortion. The
‘method is an extension of a previoua, unpubliahed study ‘on transients

. in a microwave tvo-terninal oscillator [95] To extend naid work to anpli— -

!ier circuita, part of the-naterial of RAI 195] will firat be diaculled
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.in Section 5.2.. The nonlinear.equivalent circuit of“the IMPATT-
dioue amplifier and the nonlinear'@ifferential equation describing .
“the model are'developed in Section 5.3. The method for measurement
of the equivalent circuit parameters is explained;‘ Also, the
numerical technique.for calculating IM distortion is developed and
_ computed results.are presented. Section 5.4 discusses the improve—
ment in IM distortion_whieh can pe obtained by feedforwaro'
'correetion; the‘feedforward Circuit external to the IMPATT

amplifier is "analysed using linear circuit analysis. The'laSt'séction“

is a brief conspectus of results contained in this chapter.

5. 2 . Derivation of Active and Passive Circuit Non—CW Admittance
Operators -

5.2.1 Linear Passive‘CircuityNon-Cw,Admittance Operator
. R ; s . - ) o

»

The termipal voltage, v(t); and terminal current; i(t),:o?:‘ :

-

a ‘one~port passive circuit are related,in general by the linear

d1fferentia1 eg‘gtion [95] . o

e - -
i’M ' ‘ mv: .i N ': n "f o | o o
m=) dt on=0 dt - ) : ' ' :

. . ’

C where thefcoéfficients am and'b are'constants, The order of the

R P[d/dt] {1(:)} - [d/dt] W@y 5.2y

differential equation is determined by the number of poles and’ zeros
'in the passive circuit. Equation (5. 1) can be written in operator
notation as o o o i . SRR .

.

/
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(_ voltage excitation

whgfe P[d/dt] and Q[d/dt] are pélynomial differential operators of '

order M and N, reppectiﬁely;

A single-frequency CW voltage excitation

v(t) = Vo'exp(jwot) ' ' o (5.3)
prodhces the‘éutrent response

1(e) = I_ exp(Ju t) = exp(ut) Y (o) V (5.4)

in the passive citcult.' The actual physical signals are™given by

"Re {v(t)} and Re {i(t)}i"The term Yc(jwo),'called the passive

circuit CW admittance, is defined by

: . "I, QGuw) R '

.-

This admittance concept can be extended to the case of non-

/

. cw excitation by d.‘ining an admittance operator [95] ansider thg

S

T e

/

x . . . . : o

v(t) = A(t) exp(J (wt +¢(t))) ‘. V(t) exp(jwt) L (5.6) )

'

The signal V(t) is the complex time-varying voltage amplitude its

’gnitude (real) is A(t), 1ts phase (real) is ¢(t)

The general current_ responsg becomes ‘ LT ;.

138
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i(t) - I(t)‘exp(jat) ' e % (5.7 -

where I(t) is the‘cpmplex}‘time—baryihg'Cutrent aﬁpiitude(i

hifferentiating Edns. (5.6) and,(5.7) results in

n

AV o exp(sar). (5o + d/ae]™ (A(Dexp(16(E))}  (5.8)
O fa v a/ac] X . N

and

d_i_é_t,l = exp(Jat). [§o.+ a/ae]® (1)} , /. (5.9
dt - o e o § .

$

Substituting Equs.

(5-8) and (5.9) 1ﬁ;§ th, (5.1), and utilizing L
the'opéraﬁor.notation‘of Eqn. (5.2), we obtain o ;

s .

P [45 + a/dt] (1)} = o35 + a/ae] {v(e)) LGa0)

'Analagous to the”CH,casé,rwe can define a_lineér admittance operator

Yc[jm(t)], for the non~CW case by

Y D)) -,Y;Eji'+‘d/d£3v-'Q[J§ * d/de] 4-f,,-'f(5:i1) .

vThe’éﬁpliﬁude éf the Eurreﬁt‘respanse_ia;then-giVen by * T
o .

L - ] K@ G} L Gan
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The admittance operator Yc[jw(t)]~obérates on the term in the curly
~ brackets { } in this hotatidn;"Wepcgn also define cheafrequenéy

~operator
Cfe®)] = lm- 3 del L S Ga3)

where w(t) is the instantaneous frequency, and ».1is the guasiatdcion- :

ary frequency. The instantanéous-frequency of v(t) is V

e = g8 g @+ $(e)) = G +—$ | G
At microwave frequencies,‘the,amplitude A(t) énd‘phaée.¢(ti :
are uéuallyfslowly varying functidns ofztime (for'AM.and PM réspééf;

' ively) in comparison with the quasistationary carrier frequency w.
';For dA/dt <<mA and d¢/dt<<w,,the admittance Operator can be expanded

\' .
into a Taylor series abOut w: R

-

Y [jw(t)] - [jw + d/dt] = Z dny(j“’) ( n)'ﬁ «(s.is)
=0 . "t l dt S

¥ : IR C L RN

P

Substituting Equs. (5.13) and (5.15) into Eqn. (5.12), ve have - = .

1) - Z —-—mﬂ (jm(t) jw) ) exp(j«»(:))} .16
n!

_ n=0 - L ' L

A’Equgtia#,(5;16) is known ahvthe‘CArqon:?ry ser1e§‘[96].

L TR
S
\X N - .
i



< . Inspection of Eqn. (S 16) reveals that the operator .
3

‘.,Y [jw(t)] will be composed of ‘terms jm (jw) , (jw)~, etc..

Separating the real and imaginary parts of Y [jm(t)] reaults in

Y [Ju()] = 6lw (£)] - Ju(t) slw ()] R P T)

where - _ .

-2

G[w ()] = c[(w - j d/dt) ] = G[w - ij 4/de «——z] (5.18)
de .

: -

 :and .

A S Y 'L-”l | ‘ Cd.
slo” (] = s[@ - 3 4/a0) = s[w - 328 72 -5l Gan .

are conductance éﬁd indQcti§e spsceptan§e'opéracbrs, respégtively{
:FOr slowly ;é;yingAa@éliﬁﬁde A(;) and phééef¢(t), fhe‘sedq?d-ofgét
.-tém dz/cic2 is negngible‘. Then, expanding Eqns. (sv.'la')" and (5.19)°
by a Taylor series, we obtain = I S\; -

A

| c[w ©)1 - Zi—cz(“—’l (f(t,) 0 AR I 1 B

d(w )

cand e

d(w b
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S[m (t)]- Zi_sp_z...a., (:)-w) o L (5.21)

n-O _

<

Substitution of these results into Eqn. (5 17) is fqpnd to y;eld theh

o



¢

desired, passive circuit non-CW admittance operator [950: - . 1

n=0 \ d(w) o d@)" n!

[

¢ . ' - L, I
S/ _
0y [ee)] = Z (d——fé%,l - Jue) L fé‘*’l) ‘(‘*"(t) “’)— £(5.22)

5.2.2 Approximation of the Passive Circuit Linear Admittance Operator
by ‘Cubic Spline Interpolation ,

The expanded Carson-Fry series, Eqn. (5. 225, may Lot.be -
convergent for frequencies far from the quasietationary frequency w.
" the convergence depends on how slowly A(t) and ¢(t) are varying compar—
ed to w. However, at microwave freguencies, the AM and/or PM modula-
tion is slowly varying compared to the carrier frequency. In this
;‘case,,the series, Eqn. (5 22) will usually converge [95], and a

finite number of terms can approximate the series with sufficient

' accuracy:

Y [jw(c)lmﬁb_'; -

o n-0

C ’ IffY*[ju(t)]'is given,analytically,Athefderivatives'in Egqn.

(5 23) .are easily found, normally,'however; oniy measured discrete _
data points are available 80 . that numerical differentiation must be -
‘f'employed._ Cubic spline interpolation is an effective technique for'
numerical differentiation for several reasons [973:

vf;I): The natural cubic spline interpolating function an the inter-'.

5A'va1 [a bl exists for a11 continuous functions in [a b], -and . is unique.
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B <D < ... <R <D <'... <mM be denoted by

2) The cubic spline interpolating function, f (x), possesses the

property of least mean~squared curvature, that is, fbr all other

v

twice~differentiable interpolating fdnctions:g(x), the property

b . b ‘ :
re 2 . A 2 . .
f[f ] ax = f[g ) ax _ (5.24)
a ‘ . ) . ,

a

«

,holds;l Thus, in the sense of the integralv the Cubicvspline may be

»

viewed as the smoothest of all. possible interpolating functions.‘

it interpolates data points with minimum curvature.

3. The cubic spline is continuous together with its first two

derivatives on [a, b]

»

4) The cubic spline has strong convergence properties even for-

unequal mesh intervals.
4
J
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’ 5)' The cubic spline coefficients in a given mesh interval depend

"~ _on all data points in the range [a, b] Consequently, nonsystematic

errors of individual data points on the numerical derivatives are

reduced——-the derivatives are smoothed

. + : (
- Let the passive circuit admittance measured at CW frequenc1es

o2 k. k1

o s - a2 '
Yeglug) = Gylupy - Jug 8, (w); =502, Sers M (5.25)

B

Equation (5 25) is equivalent to the representation of the circuit

"admittance operator in Eqn. (5 17) for the cw case (d/dt = 0; m(t) = w)'

~ . -
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Now con51der small frequency deyiatlons.about the quasistationary
frequency w. At the instantaneous frequency, m(t), we wish to 7
approximate che‘continuous.and differentiable functions G[wz(t)]‘
, and.S[Bz(tj], (Eqn. (5.17)), on the interval [512, :ﬁz].in!a
plvvvw‘im‘. f.‘thl()_ll,-'uH‘ln}"‘ cuble spline t'tmt(;rp()]:l'( ing pnlyn.nm{:liln
over non~overlapping subintervals (ak , 5i+1), k_=‘1; eee ,'M - 1.
A natural cubic spline can be fitted in each of these (M - 1)
2

2 .
frequency intervals. In the K h—-interval (w s wk+1).the cubic

pline functions are [79] [97] for the conductance,

Ty , S
2. XN 22 2y
Gg(w ) = E 8 (w *“k);

m=0 : P

a*ﬁ_for'the susceptance, - *

O
A2 270 ’ 2mv _ =
SK(w ) E 'sm(w —wk)m = E sy (w ) » -
_ .‘.s "w T e . (5.27) R
.m=o T i

~ . ~

.The natural cubic spline coefficients B and's have been reatfanéed,
to. yield new coefficients, By and sm, respectively,,which are . | -

functions of the cw frequency wk The new coefficients 8y m=0 1 2, 3



145

are given by: ‘ e

2~ a2 e w4 g :
- - - + - . N
B, "8, (W) =g -g w g, ® 5 Y% (5.28a)
-~ 2 ~ b
‘\ -= = -
g1 g (w ) g ,f2g2 w, + 3g wy, | (5.28b)
B ‘ :
2 . 2 o
g, =8 (w) =g -3 u (5.28¢c)
g & o L (5.284)
s, " 8, ¢ (

) A similar set of relations transforms the normal cubic spline

coefficients s into the rearranéed coefficients Sm" Combihing
mqns.1(5.26) and (5.27) as'in Eqn. (5.17) we ob;ain the fitfed circ@it

admittance operator, in the K -interval (m w )
\ . R k’ Tk
. »' . . . . ! ‘5 . ‘ ) ! ]

o o T s . am L e i
‘ - -’ Y [jm]K =/ E (g - Jm*sm)w’u' . o ) o (5.29)

m=0

<Hence if the frequency intervals are fine enough to reveal all local

o

extrema, the actual admittance function is weli approximated by only

[}

four terms

- In summary, for a non—CW'\'rol'tage:ex_dit.:atibr;_[%;3

v(e) = AG) exp (3BE+0(E))) . L .30)

wherq,A(t) and ¢(t) are alowly varying functions of time in

comparison with the carrier frequency w (1 e. dA/dt <<wA and
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."‘. ‘
d&/dt_f<a), and the instantaneous frequency w + (do/dtj lies in the
kth-frequency interval C:k, kai),.the passive circuit current response

is

1(£) = I(t) exp (jat) L L (5.31)

o L , X
The actual physical signals are Re{v(t)} and Im {i(t)}. The complex -

.'turrent anplitude I(t) 1is given aoproximately'oy o L

‘

C1(e) = Y _[Jul {ACE) exp (30(£))) f . o (5.2)

"UsingiEqns.-(5;13).and(5.29), we can writekﬁon. (5.32)‘in_the f‘ol’n}l-~

1(:) - Z (g, - jws by (m@j arary | Ay exp (16(£))}.(5.33)
e =0 - - v . K o T .
\ 5 2.3 Nonlinear Active Circuit Non*CW Admittance Operator i ;'.‘ h;.

Analysis of a two~terminal active diode is sﬁmplified by
isolating the nonlinear, relatively frequency-insensitive electronic

admittance, Y ot of the active region of the device from th;\adﬁittance
\‘/‘

) of the inactive regions and. of the package parasitics.‘ The latter can -

be included in the 1inear frequency—sensitive passive circuit
& :

y @

nadmittance, Y 'seen by Y .i-” . ‘
There are bias components, V (t) and I (t), superimposed on".

the actdve device terminel RP voltage and RF Current Due to rectifin

'cation and thermal properties, these bias components will be alowly

‘varying functions of time However, because of large time constants

4 . . PR
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A
in the bias circuitry and 1arge thermal time constants for a’
device mounted into a large heat-sink, changes in the‘ac bias oL 2\ .

components are very slow compared with the RF signal variations.;-

Consider a none-Cw RF voltage excitation given'bv ’_;3' , | ';
vv(;t).-v"‘ _A;\(t-.) e:‘cp }gj (I:;c} ¢(:)‘)) + A,gc) '.;,;p (-j(Bt +¢(t))) (534)

Both positive and negative exponential signals must be included in
analysing nonlinear circuits because Both will contribute to the ;V
'iresponse at each signal through nonlinear effects .The amplitude A(c) j:_:ﬂ5‘

'and phase ¢(t) ‘are both assumed to be slowly varying compared with

~

vthe quasistationary frequency w, and with the response time of the
jnetwork (1. e., dA/dt<<mA and d¢/dt<< w) This assumptiOn is dalid.at

microwave frequencies. Further, it is aseumed that, in the tuned
amplifier; the external circuit admittance across the active region T L,
- @ Tl

"of the diode is sufficiently high that this admittance is infinite 'lf‘ﬁ' '

-en

J,for ail harmonics except the fundsmental [3] This assumption can

'be made safely for mostynegative-resistsnce devices mounted in a : -”;g' @[L?,~;
';tuned circuit with a significant Q In factv the second-snd other"l'i;'f‘5igt

.”‘harmonic volteges meapured for the experimental 1oo-nw IMPATT ",,__.; ’*.‘}g;

’ o'diode were no larger than one’ percent of the fundamentsl voltage

e Sk

>

.(there was no detectable harmonic power within 40 dB of the ;1r'ﬁff;gﬁii.l.g_
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fundamental) for input levels lé,ssl thad 10 dBm apbl_ied_to the GL

. o . .
: IMPATT amplifier. 'Mer-order.hatm nic current flow ig assume
N to be unimpeded [3]: the active circuit RF current response to
+ -the excitation v(t) can be written as * - :
. o oo , : . -~ ,
! CEE . : . xS ' Cooan
) i(t) = E ﬂ‘t) exp (jR.wt) (5.36) °
/ L )i
hd ' 2*0 I / i - ol
| . where *the biae term (2=0) nas béen ne,glected, and Iz(t) is a cOmple?c
oL ' - B
. o '0 \ Pl . Y . i ) .
i time funct.ion 'I.'he voltage, v(t), and current i(t), can -be related, - .
R  in a simple model [95] by the differen;ial equation
3 L2
. J . ‘. . ,. ' ) .
S i(t) = E E q(t) Pue) t\" | . (5.37).
,",_ s . . -- dtp *J K - ] . .
e . ‘ p-O q-O '. . . e ’ ’ ‘ ‘ - R

In the abOVe model, i(t) is a nonlinear function of the. voltage v(t) .

. and fts derivatives, but does not depend otx the voltage integrals.

:", A v Substitut:lng Eqns.A (5 35) ‘and (5 36) !.'tto Eqn. (5 37), and -".

then dtfferatﬂ::l.ating v(t) as in Eqn. (5 8), we qbt’.ain ‘

3 [ s ’ . L
3 ‘_"\\ -
R . . .

R A | R
2 T (t) exp (jlwt) = exp (jwt) Zﬁ q(t) o

p-O q-O

Lo " w o ‘ . P . - . :

L ,‘.- A A : L . . e

: | {v(t)) + ekp (~3ak) E ; 2( : T

B . P,q S P

‘ ' ‘—’f’;" p-O q-O I
e » ‘ _-'-”" < ) . o
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In the first term on tHe right,pand side “of Eqn. (5. 9),“£hehmiddle¢'

’wf. index'@ fﬂ’the coefficieﬁt b .0, 2 denotes "take theldc part of the

‘ expansion gf,v (t)" ‘ This term when multiplied by the ‘factor exp(Jwt)

produces ‘a component at exp(Jwt). Similarly, the indef’Z in the

coefficient b 2 é in the second teéﬁi;; the right hand side of Eqn..:“.
LI N D Rl zn .
(S 39) denotes "take the. second harmonic of the expansion of Vo).
v

This term, at exp(ijt), when multiplied by the factor exp(—gmt) also
produdes a component at the fundamental frequency exp(jwt)
"The two terms in square brackets in Eqn.(S 39) togej?er "form-

tator, Y [jm(qg V(t)] ior the tﬁo~’

ch that e e B '(/ﬁ,~l' o

I
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Il(t) = Ye[jw;(t),'V(ﬁ)], {(v(t)}. . (5.40)

The‘complex nonlinear admittance operatbt describing‘the
active circuit can be simplified greatly for CW excitation,

g

S v - éoﬂ(ex'p(ﬁt!;* exp(-Jut)) - 5.41)

This excitation is also given by Eqn (5.34) for steady-
s;ateycw conditions : A(t) = V(t)=A , ¢(t)=0 w—w, d/dt=0 we‘can

substitute‘thesé parameters into Eqn.’ (8. 39), and after separating

o 1
even- fromodd-powers p, we-obtain . ‘ !
) , £ .
L 5 .
. o - 2m
I (t)exp(jwt)=exp(jut). E - (Gu) b '
1. ' o e 0,2n ° 2n+1,0,2n
) m,o ' . s
¢’ ' - - om¥1 \ 2n
. - (+jw) v @) {A}
o
- o 2 2 . , - S ;5%‘
L. O S - 2mly T .
+exp(-jut).| 2 > b« (Fjw) +b =@ ) ,
. : , \ z2m,2,2n - 2m+1,2, 20 A B
- - w=0 . n=0 ’ ‘ L -t pa>
‘ L . © . %‘ .
— - e - - 2 £ o

T P wley e N

) Exphnding v (t), retaining the dc coq?onent or 2 d‘-harmon:i.c component

~

oﬁ;this expansion according to the middle index of the b coefficieq;q

a

- .
3 . -
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' ' 2m _oomtl. -
(0 and 2, respectively), and also expanding (jw) ,» (Jw) -
2mt+l . R
(j“) , (-jw) we can prove that - S e
-1 1 ' S - ‘ ,
2 .
-7 b “4b. 4jub
Z Z ( ) ( ) (w) ( 2m,0,2n  2m,2,2n 3 2+ 1, 0, 2n
m-O n=0 N ' .
-juwb - ) al . g : (5.43)
©. 2m+l,2,2n Y ‘ :
) . ' ‘ -..
e .
Fomgimplicity, define a new set of coefficients
f‘-k f ‘, ..-Q.) ‘_ . . ) ‘. " . ’ ’ ~‘._
R d = b +b o : (5.44a)
. 2my2n " 2m,0,2n 2m,2,2n :
d, . mb_ .=b v (5.44b)
» . 2m+1,2n .-2m—+-1’0’2n p zm.*.l"Z,Zn ‘ v .
‘ -u.' ’ ) . ‘ . . .. | . ] ) ) ] ' ‘ .. .
- _ ) &

Then, from Eqis. (5.43) and (5.44),

e U T
2 2 :

m=0 n-O ‘
—

Equation (5 45) is the complex amplitude of the current response. at the

fundamental frequency for a CW voltage excitation given by Eqn: (5. 41)

’y definition, the CwW admittance operator for tbe actiVe region of the
¢ 4 .

fdevice 18 [95] ~c' T f:' | ,“ I
. . . " i T ) . -rl . ‘l'

,I‘" Z Z “H" (A) "@ (dzwn_‘ - 2n) a1 S545)
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| | P-1 Q-1 AR f - '
1 : - " \'2m 2n ,
Y [j5,A ] =1L = E E S +jod . Yo A . (5.46)
e o Ao ; 2m,2n 2m+1,2n o
. o m-'O. n=0 . . . ’ . .

: This electronic admittance operator 1is seen to be amplitude-. and
. frequency- dependent; that is, it is ponlinear. -

2 5.2.4 Approximation of the Active Circuit Nonlinear Admittance n
‘ Operator by Bicubic. Spline. Interpolation

The coefficients in Eqns. (5.44) and (5 45) can be determined

] by making cw admittance measurements on the active region of the diode

Interpolating these electronic admittance measurements, singﬁyicubic

o AR

R .~ spline. functions yielda an expression of the same form as Eqn. (5.46)

. -
, -

~defining tﬁg_EE_ggnlingar admittance operator. . A bicubic spline .

interpolation is simply a cubic spline interpolation in two dimensions

;};fﬂ?]; “The existence and uniqueness properties, convergence property,
}’”agmgghﬂl.aét—squaIEd curvature property, and data—smoothing property of .one-
) [ .
B " dimensional cubic spline interpolation also apply to/the‘two—dimen51onal

" case [97] ' '

o 'A, ‘ .A.bicubic spline function can be fitted thrdugh a grld of M X N

¢2 values Gl,l’ G1 2 ceey GM N of . large signal electronic conductance_

' where Gi‘j is the value of the electronic conﬁuctance measured at cw
i , ;
radian'frequency wy .and at large—aignal RF voltage amplitude Vj for -
i o= 14 Z‘J} M and j 1 1 2 Sy N.‘ For instantaneous frequency
N

-

0 ‘: y' wawk +-—$S£;, and“ipsQantaneous amplitude A lying in the KL h N
I - 22 4 RS
: % - :
% . subrectangle ® MHI) X ’(AL A."_'_ ), the non CW electronic conductance

18 of the form [79], [ﬁ'j 2 e

‘t Y b . "‘,/:. Yy L ,;-" [ R .

S SRS o

' ' - . '. *4{’ .,.’ L . _i':;" . “’ : E G . . ~ o

. . M“"‘ 3 ¥y . ’ Y '..:.Q;T 'T ' s s /!'i - T
S R 5? o K . R ' 53’ . . ?.'.’T.‘ L
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R

o s S22 mel 2 2 n-1 | L‘: :
OVAED S S IR O

m=0 n=0

5> zs,..nmkwff L em
- m=0 ne0 o R

-
-

' The natural bicubic'spliné coefficients gm# bave been rearranged to

yield a new set of coefficients:gmn (wk, AL) which are functions of .

\and AL The new coefficients gmn m,n-O 1,2,3 are given by

2 .4 6 : 2 4 62 -

=A _Am —-n —-A.-h'— ’ - T - ‘ M
€00 809 g«10‘-1<-+-.gzo“,"< 830.“’k_(goi gxlukfgzlek 1 AL oo

: ._A ,;g IR S
i

2. 4w . 6 6 e\ o,

:—(§_03-§1 3(»1(’.323mk‘-g33mk)AL ‘ : \ . (5' 488)
R B O IR

L ' 2 : '_2-"-»3 . : 2‘ L2 ‘3 oy 2 A & o
PR o - - C = . + -— . l: ) .-e‘ )
- By g,10j gzowka 330m¥ ‘311 321“31 galﬂk)AL';?‘ CS

\.‘KL ..

4 ORI B RN, G

Cod
h
“14

320’32of3§ap”k7‘3¢1’333;9k3AL*‘322'3332?3’51 ‘.

: T ;é"?éi { U 'i- - T
"“ffggza-sgaamk)AL‘ L . o (5.48e)

R L T

PO S

1
s

o

B Vo
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Lo

2 b 6 w6 o

ag -f B8 B -8 B~2(8 -
2017801 gllmkfgzlmk'gslmk (g' 812" +322 k ngmk)AL

Ly S léés ¥ , | e
T + o . _ ' . B

_'g02=362.212 k+gzz k- g m 3(g 38 3mkfg23w?ig§3mk)él (5.48¢£)
'5 

‘é

13 Wt
. ' a 2 oty 2 2.
g =g -~2g m +3g m ZQIZA.L+3§ 3A.L+log 03 kAL

Lo w2 G2k ;y oo L f o
—6232wkél_§géémkAL+gg33mKAL & i:". . :v': . ‘.",(5.48h)‘
_=g -3g w - g22A1+6g 21“’1<-A14+3g23AL_9g mkAL o | ﬂ;j‘(ﬁfbgé) ;

1\ L [
'4.'. o L

=g3.2332% gsﬁ S

v

.-

g =g -«2 +3 -3 +6 ' -9 '. RS 5.48k'
BBy 832 mk g32mk g13A1~ g 23 kAL §33 RAL . .,_(" '.? '

=9 -38 - ®,-38 A9 W . coe ' o .48m)
Agzz 3227“3329k1 823AL 'gsaékﬁL,‘f_ U ‘5.43“):
- e " 2 . ! / .- ' C N R
o =p . =30 : Lo S : T - (5.48n)

e =8 -3

23 23 33.¥' : 7(5.480?-;
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g = (5.48p)
833 233 ( P

Similarly, a bicubic spline function can be fitted through a grld of

M ﬁbN“ﬁalues C , C csey CM k of 1arge—signal equivalent electronic
,_12

capacitance + . where Ci § is the value of the equivalent electronic L

capacitance measured at CW radian frequency wi, and at large—signal

RF voltage amplitude Vj for i=1, 2;, ‘M and j =1, 2 i.., Ni

For instantaneous frl.uency , and instantaneOus amplitude A lying in i- o

the KL h— subrectangle (Ek, © 1) x'(érrjAL+l)’ the‘non—qw electronic‘p:'

capacitance isdf79]; [97],' : o o S .
; 3ien 2 2 w1l 2 n-1i )
i Cws8)= z Z e R AAD) )

EREN

T

‘”AKLth- Subrectangle.

Z L 2m on S ' o o ST
)Z mn(mk A.L)w o D _»(5.4.9_)_'_..
: n_o _ R \ co | o |

A

The natural bicubic spline coefficients cmn have been rearranged to yield:

.a’ new set of coefficients c . (w AL) which are functions of mk and AL

A

The coefficients cmn,are ‘related to the coefficients c_nm by eguetions

similar to those in Eqn. (5 48) Equations (5 47) and (5 49) can be

1
cembined to obtain the approximate non—Cw eleetronic admittance in the

iy

' : - .

[, ) - -, '» .
Y (0, V5= Z Z s, (T»k AL)-"jwc (mk, gL))w W 6

m-O n-O

RO i . -\

- . Lo

+

-t The active region of the experimental IM?ATT diode displayed a capacitive
. susceptance above breakdown voltage at the operating frequency.- :

» e . s .
- - L Lo . L we
. K ". [ . - LR R *3 R
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Nt
S

Inspection reveals that the non—Cw approximate electronic g

admittance given by Eqn. (5. 50) is of the same form as the CW admittance

'operator expressed in Eqn. (. 46); in the CW case’ (i e., W=, V=A )

the’ coefficients in Eqn. (5.46) for P=Q=7 can be determined from the:

calculated coefficients in Eqn. (5.50). Equating coefficients for the

/
/

CW_case,'with PéQ=7, we obtain

o

-

d - = (<1 jm,n=0,1,2,3 - - : (5.51a)
2m,2n ¢ V)‘gm"_ o ? ' o :
‘= (= c sm,n ’ : ) . .
2mt1, Zn , mn - ," ‘ > ' . - o _ .
P
.% Td.find'theLg.coefficients in Eqn. (5 43) from the known d coeff1c1ents

-we -need additional relationa : by expanding Eqn.v(S 42), for the CW case

with P=Q=7, we find =

4

b =—"5p ;m,n=0,1,2,3 S ’ 5.52
“2m, 2,20 n+1 - 2m, 0’:21_1 '.v ’ ’ ’ ’ " D - ‘ ( ? a)

N . ;-

b W o sm, n=0 L2,3 . . (5.52b)
2mt+1,2,2n vn+l~ 2m+1 0, 2n o R
- )
[4

'Using the natural bicubic spline coeiigtients obtained from measured

_and (

elec:jgg almittance data, together with Eqns. (5 43), (5 48), (5. 51)

2), the Cw. admittance operator (Eqn. 5. 46), for the active region .

of the diode is determined. Then, since the amplitude A(t), phase ¢(c)

’

Vil
fr

and thus the complex amplitude V(t) of a non—CW excitation, given by

n. (5 34) are,nsually elowly varying compared with the- microwave carrier

equenqy m,'we can assume that ‘the b coefficients calculated for the CW

‘.l“ ;

. . o . . .
. « . . . v
. . . . t . R e
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* case also. to the non—Cw case, Eqnst (5.39)‘and (5.40). The complex'

?FP
i::pll\/?:égf th current response at the £undamenta1 frequency exp (jwt)
comes . . : ‘

157

omf L e = [Vl (V) By
or - l L, .
: -), e, . o ' 2 "2
1 () =1, E (b +b  V(t)V*(t)+b -V (E)V* (t)
L "\ Ps0,0 Pp,0,2 p,0,4
p=0 v - o | »
» ’ -3 *3 ! - ‘ P X
N B . gy (V. (£)) (Jutd/dt)" | {V(t)}
_ ‘ ‘Ps0sb . Y : o
, : 7 : o ; o
. -2 E -3 : 4 2 .
’ + E (b . +b SV (e)Hd - Vo (e)VR(E)HD V (t)Vx (t))
. P;250. Ps.2)2 . . P-,Z,‘*" < B P»2,6¢ = :
~(—jG*d/dt)p v_-{vf(t)} . ,§(3J54)
; ' K]_, : ! ! b

'fot instantaneous frequency w(t), and instantaneous amplitude IV(t)[
. in the Kk h—subrectangle (mk, wk+1) X (AL AL+1 ' Equation (. 53) is
1 the operator notation used for the expansion in Eq!?(S S4). If the h :
frequencies;: and the N - RF voltage levels used in the large—signal |
zelectro;Zc.admittance measurements are apaced closely enough to reveal
‘vlall local extrema, the actual admittance is well—approx1mated by the

f1tted bicubic spline functions, and hence the fundamental current response

v,'  calculated from Eqn. (5 53) should be close to the actuih respénse. Note

Y
7

that different b. coefficients apply to -each KL h—subrectangle, k=1 2; ..};-h' N



i,

‘

and L=l 2, ..., N.}  care must be taken to’ensure th \the,ins dntaneous

’ frequency and amplitude of the response lies in the corrésponding KL th_
subrectangle as ‘the solution progresses.

'5 3 Numerical Quasistationary Distortion Analysis of an IMPATT Amplifier
5.3.1 Equivalent Circuit of a Stable IMPATT Amplifier

o Figure 5. l(a) shows a typical circuit suitable for stable
reflection—type amplification -using an IMPATT diode. It comprises a
circulator to separate the input RF voltage wave vi .and output RF voltage
: wave vr’ a couplihg network to establish thg desired\loading admittance

Y (w), and thé electronic admittance Y (w, V ) of the . diode. The pa531ve

circuit admittance Y (w) seen by the active region of the diode, includes

the inactive regions of the diode and the package para51tics " The coupling"

g N
network 1is described by its voltage—current tran9m1551on matrix K&ABGDJ

s which is a function of the applied radid‘ frequency w.. The" RF voltage

A

‘ across the diode is denoted by- v, i the current through the diode is
de31gnated bysi .. The net current into the coupling network i o and the

voltage across the network terminaEg, v , are
: . & i )

- B . ) L. ’

RS . , e B

RT3y

1,0 101 N R 5.5

'?2‘?51?1<f**Yr<F’55¥e<?>*B'i;Ft): a'."v,-lv ;;'f [':‘ “h _355.56?_

..

- The input and output ports of the amplifier are assumed to be matched to -

the transmission line characteristic admittance Y o The simple equivalent. .

S

circuit of'Fig 5 l(b) 1s used for gyr analysis of ™ distortion. The RF »

.bicii__f‘§f_-;l

-

° | !‘ E ’ A .

oE

~

158



159

OUTPUT WAVE ~ | ,
o . Yc(m)

R R ¢

| A B
\ ,
c D
COUPLING -
NETWORK.
e
_INPUT. WAVE S
RS . o
" (a)
- ' (
5, N ’ I
=1t ve . .Ye(m’ve) . R . ‘ .
()

Figure 5 1 (a) IHPATT'diode reflection—type amplifiér circuit.
al¥nt circuit used for quasistationary distortion .

(bY”Eunv
analysis of ‘a sfable IMPAIT ampIifier.
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.t

.

current generator ig is the Thevenin equivalent current generator

-

for the input waye, at the diode.
The meeSUredielectronic admittance.Ye(w, Ve)’ in Fig. 3.1$;V

for thé“experimental IMPATT diode is used in the analysis. The
passive circuit edmittance,IYc(m), cen'elso be measured, as will

be explained, or can be approximated’over a Smali bandwidth by a

"GCLCC' tuned circuit and impedance matching ‘transformer as in

y

Fig.‘4.2.' Either approach is Suitable in @he preSent analysis.

The measurement of Y (w) is based on a knowledge of the 'J,‘
./

electronic impedance of the- IMPATT diode biqsed below 1ts‘breakdowﬁ

-

‘;voltage VB. The electronic impedance Z V), for V<v B? is’ o oo i\1
, c *n-. »
'.'independent of the embedding circuitry The results in Fig 3 8 LT

'can thus be used here in conjunction with Eqn. (3.12)vto determine

4

(V) The imput impedance Z (V), seen at reference plane 2- 2

. -
fin Fig. 5. l(a), the network s loaded with z is given by the
bilinear transformation; ) : . ">”§'1 *t . R ' ¢

, . . . G T e _
o A Ze(V)-l-B , . C C

. ‘Actually, only three complex parameters are - required to character-i

f'ize the two—port coupling network division 'of Eqn. (5 57) by

,.°=1/Y . -and normalization to the factor D results in

*Mql.A‘ B S ST ilf_ . ‘

s o % (V)v Az e
e N )
e
'}’;_: -



where ' | o . -
a=aD s .+ (5.59a)

(dimensionless)-l($.59b)

o
0
=T
S~
oNz !
« .
»

c=¢/D o S wo(s)y T (s.89e)
. e L . ﬁ-.“
7 are cohp}bx constants at fixed frequency AT Since reference

I3

planes 2-2" and 3—3' in Fig 5. l(a) coincide . with their correspond-

."ing reference planes in- the admittance measurement system, Fig. 3‘6

t ) < . -
the transmissioh matrix K [abc] is identical to matrix Kz[a bzc ]
s . , .
representing the coaxial system and parasitics for a particular

diode and particular tuning condition. Hence the procedure described ' f i

in Sections 3. 2 2 and 3. Z 3 can be fellowed to extricat& the coupling -

.,vfg; matrix K for t‘e tuned amplifier at each measurement frequency. The
P.- : nT o .,x A‘

o meaSured admittance, Y (w),lseen by the dIBde ‘.ﬁi the network is N .1 11?5

R

terminated by a matched load Z is then given by the inverse bilihear' V’f ;

transformation. f':;”nff' . 5 ]f'd Lo )hg

Lo .') . N i ‘: ) \'... . .". ‘.‘:.' . - . -
2 (W) = Zn U
- ¢t .Y,C,( ) cz ¥ A R Sow
- 0 N T ?ni . -
- L TR . ' . ‘
I S :
Ui s ’ . .
.\‘ a ‘ > ' g ;

RS . . o e e . oo - g Y



‘- “”,‘,‘f"f\ i
,;gf,» A ’ ._‘_ O
ww' S
1 ‘ i ”“h\" o c e o ‘ ’ .
o j,_" SR o ,In general, the coupling network will be' 1ossy ~The” ' s’
T relationship bem& “the injected power, P'.in’ measured;at ‘the input o -"Q
k Ty "" e : R .
S s K} 7

S port of the ,qmplifier. and ‘the amplitude 1 of the 'l'hevenin

e A " SI‘\,@“

PR3

- e tequivalent tm'rent source :tn Fig v'S l(b) can be fqund from analysis L
o of the circuit in Fig. 5, l(a) Using Eqns.‘ (5 57) ancf (5 60), .

L doa ) : Che iy .

e t:he inp\g admittﬁnce of the coupling network is T *.-

| 'v ~..-' ) ' . .
:;} « fhe Qircuit admittance seen by tl?e diodg is Y & LT
{eb: . 6 t Lo . ) |
, ur A AY e e :

< AN

The voltage transmission coefficient( at reference plane 2-2‘ is




{ o Bns . R . \ ,

Fpr -an input sivgv_rixal' vy = Vi cos (f;t:; the injected powef at "~ _'

(5.66)

Jthe amplifier input is the maximum a\iailabgg‘ power:
: B 7 e &

ST SR ok

' since tl}% input: port i.n matched to tl'ga circulator ~ From hqn. (5 67), o

' the 1nput volt:age amplit:l* @ L "

.
e

' ',‘é.-‘ .' .= :: - . . '.'-" L '»‘I "
) .{_2meco R

. . o1
Lo X 3 S :
e g v .
. - . ' L

. . . ‘ - } . . . __~_ L 'i’ . . ' \,, R o .
- where G_ = Re {Y_ }‘.‘\, Now_ronsidering Fig. 5.1¢b) we see that * .

ll'.'= (Y ,"h Y ) Ven '.4.;

S ' R YR U PR
substituting. Equs.i: {5 66)
o .7.- Q

P Takiﬂg the magnitade of qui. (5 69), the<' }

v.v'.a" S C
and (5 68) we detive ':, g ;,f: . N e

"_“ . v‘-lil

Wichout loss of gehezality, the characteris;ic admittqgce Y. *can be

defined to be purely-'- ré‘al Equation (5 70) then becomes- h -

@
¢ ’




S e B T

: ’ - A - -
- adphes Substi'tut-ing 'the re‘sult D'/E‘-= Y8 a—bj into Eqn. (5.71),

- the input: power at o! \?a&q w° reepeq%iv%y . f" PRI TSI —

Q c : Instdld of meqsuring Y' (m), the ci?cuit admlttance can be

. . . * . g o
) .- IV . . .
e, A ’ .
Wy 3y
b k » ot . ! . . 4
g . . \ .

) rbe vwritten as . . . o .

Co . 2 .
: cos WL, whére I and I - are each g,;LVen by Eqn. (5 73), and P iS.' _ 'N‘
: 2 Y 2, h 23S e .* |

. P , iy
where the norma'lized. B.eoeffic'ienl‘l; = 'B/DZ has been introduced.
»
bim,e the coupling network ih ;,eneraf\_l., does not contain ferrlte

- - —

&
. 2 ] N . )‘ : - K .,
v ¢ *h m ' N ' . ot -+

AD-BE€=2ZD fasho) =1 (512

vl
<

LN
.

; the amplitude of the Thevenin current generaatof' i = ‘I‘g'cos'.'wt can
. = " R - T

-

on : . .

: pl} . - WO lH

» 7 . ” L o Y
ct T T ) : I | r. ?

." ) ' /—dibc r——- ST
N L 8. Pin e

Vhere K[abc] is known at frequency w. - :
Wi ,’a,\ . ) <<f - 9_,4,-_ . o '

' ' If t —t input V cos w.t + V o t is ) -
- i a wo oai Py &1 [ .ﬁ %% . .
_ applied, the equivalerr‘i’ ﬁ!:rem‘;.r gene‘t&tor becom& i . cos %

e ”‘J

A7

N
W e k : ""“‘o,

\‘».'. . . .

- f
\ .

.9

.L' .

passband, Thé éircuit admittance

«r_ 5 O

‘Ihe parameters G ,' o C .are evaluat:ed as . outliQ;d in Section 4.3. 6

'l‘lie a;npl:ltude I’8 = ¢8 P .G can be determined from Eq'n. (% 70) bx

p#ﬂt

16%

devices or active devices, the‘_éreqipﬁ)city cgpdition e ' - .

.2 ! L L . . .“0,‘.

'




-
)
’
o
v
Y
-

, .';b.-‘..’. ‘. 'Ihe. c:lrcuit Q‘is assumed to be Sufflciently high that tHe . :

‘network A ='n /n ", B =0,1C= (n /n Yo (JwL + l/ij ), D = nz/nl,
g2

G = -'\“/n ) & ‘ Lot
.' ‘ & 30 S ‘ , ‘
.v B .

5,3, Intermodulation Distortion Analysis of an IMPATT Amplifier

TR by ‘Nyperical ‘Solution of the Amplifier 8 N&nlinear Differentiil
e hquagcn v .'
. S In this arfalysis we tr« 1y intermodulation distor‘ the
s KRR g : .
case Bf an input of two unmodulated signals of equal ampl W at .
incommen5urab1e f;equencies ) andy mz, ‘wl= w?, applied to an IMPATT
* \
amplifier. The in_]ected two-tone cu’::ren‘t: sig,nal 1¢. _
' s P B J .
. E W . i i _ . , .
c N " ) ' . . 3 . » s ”
K eJ (t) =1 coswt+ILcoswt . .  (5.74)
4, . . 1 e 2 ) lﬁ . N .
* ' s " [ LT - : i ‘(:’
B ~ e ‘ . ‘ ) ". o .. ‘ . o ' . 0 . A
Using complex exponential functions Eqm. (5.74) becpmes J

¥"‘ﬂ :l * I\ 5 g _\_‘)
7. W - 7 ¢ .‘;’1 .
where ’ iy .
. o - . ol o e [}
v R <'." v “Q . -
. ’ . hy
Y .
= (w» + o ?zﬁ i (5.76)
o . . ‘5' . . g
o / R » ‘ii;", w2 e
S P e o .. }_ ’ k L
and '.', .
* ) Y V,._‘ D N
* ' ~ o . v"
- - N

g *(wz-“'bl)ﬂ S /\ (5.77) N

. ® A o /\ o i ] -~ . - .?‘ -

and wher'é t:c represents t,he complex c'on_]ugate tenﬁs Ao ‘, c

w7

v
L%

N . : ]

\"/.

i (t) = = {exp(jw t) -{gexp( jw t)} exp(jw t’ + CC t5%5)

4.

are thglgar:ier frequency and difference frequency, reSpectivel§

’-'n,

A

o N ,.,‘4' BT ‘;“: S ~ 5
- NS - ] L R
ST » ; o
P A A .
- * N N RS E
. » - . *»

‘1"‘:' ‘. -'n" .
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: ,n‘etwork of Fig. 5.1(b) is’»expre_‘ssed as -

.

circuit admittance Y (m) is’ 1nf:l»u,it‘.‘%g for, all harmonics except

P

the’ ‘fundamental. . Higher -order "ha ic current flow is assumed

. to be unimpeded, but only the fundamental component of the diode

\

-current, i.e th'e current in the .zone wdi’nwd = wo," is assumed to

affect the voltage of response. Thus, the vgltage response for the

’

Y o _
v v, (t) = A(t) cos (w()t-*r*tv#‘(t))‘ Dl . ’(.5...78-')
EENERE : X3 o .., .
.“Using complex expomertial wctions,_ we cam write Y
B 2 _ve-w)"aeivtt)exp(iebot)}. = %'th)éxp(jw&t)"+, @ (5.79)
f ( 'I'- L

Jl',’,’ oL c o & 6

' >
is the complex RF voltage amplftude.. Ir;put level varles uith the

angular frequency Zm (=w2~w ) Hence, ‘the RF voltage amplitude

-~ R : \

A(t), of the active device changes wit‘h the fundamental period ; v?

u,,.

' ﬂ/w .. Delay timd exists bet:ween the . variatd.on of the iQt;But level

»:

and the RF voltage wi&lde. This dela;ggtime* causing the arb:Ltrgry ‘,.

. -, ‘h w(s 80)

B

‘7.

4

e

5‘1 .

phase shift ¢(t) with respect to the driving signal is dsually very

small singe 'm is nonnally much less thah the opaating bandwidth o

a

i . of the ampaifier. Fot wd<<w" t?teamplituqu(t) ‘end' p o6

V(t) vary very slowly in comparison with the carrier
¥

+ re

o anﬂ>w.tth¢dle r;e.fpon_se time.bf the netwotb (dA/dt)<<w A(t) and
e : AT ' . .

'.P




de T | , . . ' o 167

(d¢/dt)<<w . The prirftiple of quasistationarity —V() is -,

‘essentially constant during one RF cycle—- ‘can thus be employed

. i
to. calculate V(t) Lo . : .
The technique to write the’ Kirchhoff nodal equation 't
- . )
for the network of Fig. 5 ;(b) and obtain the steady—state . - '
_fundamen’talvoltage resp,‘onse V(t) s The Kirchhoff equation is A
) . . L ! ’
= . ¢ .
' . ) ot .." . . [ . ' .. ! V ) .
T e -a,;g(t)e{yc(m) sy vplve o ee o 3
. . ‘ R -, P - E v.‘r:‘f. v . ’J‘ '
_We now approximate thes right hand side of Eqn.. (5 81) by using o
: the measured non—Cw admittance operators derived in the preceding C
> . & Ry ) -
.section. . S:lnce the efﬁ'e,ct °f¢§he compLx conjuga&e terms* in Eqn. '.'*,
v ¥ - ? S
- (5,. 79) \bas a*lready»been included in the passive cirenflt adﬁittance S
T operator, Eqn. (5 33), and in the active ci:rcuit admittance operator, N -
' < & . {4} R
o '3' ‘ ot g e
‘ Eqn. (5 54), oply the components at exp%t R be operat:.d on to - :; Y
. . - B e '.. Do o
- v\j ‘determine the complete response. In operhtor. notation, Eqnngw R e
- R . o . / .l‘_ R
‘ o ; - : o " : T S ’ 3.?‘
R 2 exp.(def-),"‘ exv( jm t) A [}uﬂg}v(t)} R
e - - PR PRI . B ’ - L .
VT Y [jw v] {V(t)} e :,,'- ”'»‘-'(5",82);,'
T with exp(Jm t) understpod as a wmon.ﬁu”lier._ The ad itt:ance e
".. - . ‘-.r‘ ,,_. o : ) Le S
P ',; operators must be ehoeen 80 that the frequency u(*mﬁj and the ’E}dx B it
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right hand side of Eqn. (5 82) since we seek the cosine solution ' .

expreesed~in Eqn. (5. 79) (compare wich Eqn..(5A35)) Snbstifuting

Eqns. (5.33) and -(5.-54) into Eqn. _(5.82) gives . . o o

st R ' . 3

W i e.xP(Jm c)+ I exp(ajwt) - Z(-D <a *1‘" P )(3“’ w/a) -{‘V(‘t..)}

. 7 j e . . o N .
o+ Z‘(bp,-o *p 0, vav*(cm 9 nv (t)y* (t)+b v‘ (v (n))

"-w-

5¥ ‘ ,‘ L [ Q- =0 "v,‘.,. . B k) K
Lo ’ e R o A N . :H':‘ . . f ‘ . 4 .

- . e . ,{‘ L : . QE e .. 3% . .:f‘ . . v“\'
FE) b S+ A c'+ ',v tV*t+b LV (Vv
L i: Pr250 P2, 2, ! H b p2ut ® , P28 ¢
ST p=0 oy N - ‘:n. . 3 . \7« # ‘»I:_th 1.“,"‘ s
'% . ,; -(-3«» +¢/.ac)" {v*(c)} F5.83) &,
o . ce o \". '% ‘ Q ‘ b“ . . ‘ . ¢ 41'.". o ¥'d
) . '&, KL f YA St .
- ‘h’ . ,1,' \, #.,. o /' ‘ P ST
3 . ) T ¥ . S < P
: nonlinear va&tage respo?s% ég chefhmpkifier to~the 1‘.7;2

‘ WY
’ The stehdy- ‘

a . ‘ .'.
i -vtwo tone inﬁht signal will be beaqggggnals ai varidhs Sum and -'}-“ld“.:"

difference ffequencies m1+w2
. e \

IM products will lie in the amplifier passbana fop.the case ml—mz.,jdf“'

Let us: assume chat V(t&4@an be expressed as‘e f@nite Fdhtier series .

' v'-n,',ofn'the,;ﬁw. } S é, e R : S P
“&?" oY 3 5 . .», _ ) 1 «'“A‘ S o ;‘ u .

V(t) =E v exp (jnw :) ; i“‘“ﬁ,m) '

. , o S m Odd R T REEL

LN i o
R

. where V 13 the complex amplitude of the camponenn at n@d For small




I o e

. . \
&qtpun 'voltage v (t) = Re {V(t) exp(jm t)} will consist % v
’ "Na .

" D al compotfer:ts w and - u ., for n@‘—l and; S s 9
respecti\fel‘y,., .2.) the tt\ird—order IM products (Zm -m ) and |
'Zm —w ), for n = -3 and n = +3, respecti“ly, 3) the fi.fth-order - |
I\M products Qm —Zw )a,nd (3w —2w ),.for n ',_"" ~5 and n's= +J . ,. ‘ ' .

' pectively,_ lo). the seventh—order IM products (4w1-3w2) and

.

4 (/mz- ml for . —7 and n = +7, respectively‘.‘-, ‘The assumed basm '
o~ frequency solution, Eqn. (5 84), is in a form that: can be operated

-

Lo conveniently in- Eqn. (5. 83) e T '. S AEE
’ ' SN RV Coo .o

\

, . The factor (jw +d7dt)p in Eqn, (5 83) can*be exp)qtled using
. a vl ' < : .
the different‘l oPerator D=d/dc t:o give i ww- : oo T

T (5.85¢)

iy

B T S S

3 oo '{‘4‘):(, . ,_...\‘_ S e -‘ ) . - A ] ) -~

(L . - R

o (Jw +D) (® —6uw D +u ). #.:§ (4D -4y D) -0 (5.85e)-

- ! T . o . NN T . oL - IV AP S N BN

o - .‘ - 'é 5 ,. : 9. 3_ "q:-»:"{ -'?f“:-".' I#} 5 mi.th .“ R R " ‘ .
L (e .._-(‘D.-Eiow&p_.:f?%p“}»fj:(.s% | ww, D +u Fow(5.858)

ot R T
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’ S | Lo, S

et
Y
/

7 7. 25 43 6 ‘
'(jm°+D) ﬁE(D —ZlgoD +35moD —7wOD) o o \»

. 6 .34 527 .
+j(7wOD -35woD -2%woD —wo) . N . $5.85b)

Siﬁilarky, ode‘can deri?e X . F‘ Y

«

We wili only inclde thé constant terms, and Ehé f.rms in D ande y
"‘1n the analysis since the response V(t) is slowly varying.

Substitutlng ans. (5.84) - (5 86) into Eqn. (5 83) and performlng
the differentﬁptlons results in - : o ¢
P ' '
S T oL I Y Y U S
. o i A X . ".‘»..‘,.‘ . . oo . ‘. . . ) .. N 1
Texf (o )+ T Exp (-Ju 8) = i D™ (e,w o) [xmtertiy, ]
Cx Ty L P 9

,,,,;%(t’l*%fp(;t’fb s S

~— - -

s&s b

o, OO, @) G

? ":‘f , x (t) = V(t) :EZf; exp(an t) = ,°[:'  - kS.BSa) f.

v'Q

- -

x (c)=v (t) - 12““’4" exp(inw t) T <5-’1855_):5?, -

MR B

*

I U .
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""Fr . x (t)""3w V (t)‘—j Z3w nw V exp(jnw t) . o ' ‘(5.’8.8.d) .v

z"z "'

3 )- Z(6w n o, +w )V exp(jnw t) ‘_‘.‘88e)

o

X (t)-Sw v (t:)-j Zs.n g v\\ exp(jnm t) o . (5.88f)

s -,s' e w22 & ;
X_(£)=150,V. (£)- ¥ (t)=- Z.()Swon_<wd+u?°)Vnexp(jnq:df:)4 . G.88g)

X_(£)==Tu,V ‘vr(go—i]JZVmot.den’_exp'(jm'ud-t)"v L (5.880)
¥ (£)=0 O o T T - (5:894)
¥ R VO=R Y, eplnegey 1 T G

'Ti’z‘(t-)""zwov' (€= :E'?“_’onmd ‘_’n ze"‘pfg“wdt)‘ A (58?‘5 S
o

g(‘v . ' ¢ 2 2 T : ’ _-:...:7 ,."'4“ . T .
Y (t)-3w V (t)-w V(t)-z: (3w w md +u, )v ‘exp jﬁw t) C T (5.894) 7 T

Y (t):—-lm)ov (5/5-.1 24 aw ,V‘F‘ exp(jnw v ;§5.89.§)j

')v

' l.,Y (t)--lOw V (t)-ﬂd v(-r)‘ Z(low ﬁ m )V expéjnw tl 'b* »1(5 aﬁ) - ‘ .

A -._":-_'\:‘_ . \Y (,t)!éw V (t)*j Z 6w nm V exp (jnm t) * (5893)n .

L
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20 w2 DT 3wy ' »
VAV (e¥4b . V()7 (e (5.90)

. _f"i" s ’ R0, Y '

O, & o - . .

X3 o T w %2 *

V. ()V (&)H V(e (&) - (5.91)
2,4 7 22,6 coa B A

-_and whe);e all sunnnations in Eqns. (5 88) and (5 89) are ftom n=-7

 to n-+Z_ wi.th n odd. l’quation(S 87) can’ then be rearranged :Lnto the L

.form

o i(—n (8,108 )[x _omr, (c)] +Z[x )b 0'5"3?;{(5"” b

P,0,0 " P
I R R w0t

o | o exp(Jw t)+1 exp( jw t) _S:[X (:)U (t)+x (t)ﬁ (t)] LO..
. . ) , pno . . o

IR E - -j}é[&r <t)u -1 (c)w mI

- ) N - .
- . . . . ' p >0" . - . ,n"': K -
s where b .‘ .0 fr&m Eqn. (5 52) e AR 3t
P: so . o _ . - '~
- ' K w A mnnerical 1téﬁation procedure 13 used to ca,lculace the o
" comgf'x coefficients V 1n Eq?. (5 84) aatisfying Eqn. (5 92) i |
- . ¥ ' - o ?
Inspection of Eqn. (5 92) teveals that the ﬁeft hand side contains : fr é
" . " ‘ \'Aa. 'v"“'
- : only linear temd, wh:l.le the summation terms on t:he right hand sidd o
L (S 91) In the ;l.te:gtlon prooegure the innmized'equation '@f". K |

"‘,’.J‘ %x -;:‘ _'."l"'
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is first solyed to obtain an :Lnit:ial estimate of the stolution.

Substitution of Eqns. (5 84) and (S 88) (5 91) into Eqn. (S 93)

e . L.

Z B V exp(jnw t) =1 exp(jm t) + I exp(—jm t) ‘ (5.94)
n==~7 . R R . , B
n odd S .‘.,’.;,‘.,'

[P

T ' ' ‘ 3 222
=g+g (w +2ln nwd-l-nm )+3 (w +im) nw +6wn wd)

. o R (.'6% 5 ;15' 4.2 2) R | .
Coa R g (w ¥ow nw 10w n w,) - IR g E
2 e e e T e
TATm e B 8 k2 3 222 o220
R (1-w°—6m nw -15w n W, -Hun nmd+6w n md-zm nmﬁ*—n W), TR

PnOa . Q oo e
. R To- .- ~' e . ,’ L ...‘ ." N '_ B .. .. . '_v.‘.' ‘ : A.' %a ! \
TR R 2 B T A X N e f
*-jstn«l-s (w+2wnw+wnw)+% (w+4wnu+6mnw) Sel j‘;,
. d d N ? . d ’ A'.\' ' (..‘.%. '\

SR T 6 -1-1 522
A L .;‘?'83(“"9_' wo}md '590’?;»94),' , e R , S
ey '. .' o '9 T ", S ' :;..‘.“_/,..' . : | ,’4’4::,

LA Lo ,4 +b L "7+ 6 , 5% 2 55 5 - 32 2. et
ST L F (w 7w nmd+ 1(.) n o d-w =50 nmd LOmon Vg D ‘~- ~.’- s _

Py 0,. : : : e REER - ',b‘ o




v - The ini'ti‘él,s.ol_u‘;'ion*ié S _ .

j ) - .n - 0 33 n - ._ 7 -j +3’ +5 +7 | ” . ‘{.' | o (5-96(:) .

. RN

LT A "'~ St e . . . .

'l‘hese initial values are eub_’st::l,tut_:ed_ into the xight ‘hand side 'of."t_he» :
R nonlinear Eqn-- *(5 .92) tO giVe ) - " . .» RN ; . : " 4, . o

fooe L e

"’ E B V. exP‘(ﬁw‘#‘-) - I exP(jwdF) 431 WP(‘.‘]N It; fl: y“exp(_‘lnu& t) 3

S A d’e e -\ '-Er "n-lz . ___._‘-
Cmodd o fmcc o :f'_-wf SR T medd (5 97)

- .-'#"
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relaxed as the 1terat:ion procedure continuee. The solutibn will o

converge for small dis::ortion fot which the nonlineat .coefficients )

3 . .yn' are much smaller than the lu1ear ‘goefficients Bg Cari must
-3 : o . . TRy

..be taken to ensure that the ftequenciee» wo' 7m 4 and the st:eady-r
b : [ 3

fte RF volt:age ampli.:ude IV(t)l lie in the KL h— solution grid

»n

K’ \Kl) X (AL AL +1) where the admittance operatore apply. v 1 :

Ther IM dietortion. products IM and IM , are calculated

o using Eqns. & 2)’ and . 30 resPectively,‘& m :ls calculated f _
. - o i~ SRS
* similarly The output voltage for t:he model uaing the measured

../_.-}‘-. L . N

e Y (‘“)' Fig “5 l(a), 1e g:lven by

.‘: »_\'r';("t:)fj‘-gir;(ﬂ-:,) - Vi) . Q’ e NG S

. 'ﬂ'_
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where n>0 gives the upper IM products and n<0Q gives the lower IM -
products. Ta determine actual distortion power at the output,
the losses of network K must be taken into‘consideration.
‘Intermodplétion distortion Ealculated using che‘GcLCCC
tuned-circuit_model, Fig. 4.2, can be treatﬁa more directly.

In this case, the gutput voltége iS‘Expressed as
- , . \L‘ “J
{

vr(t)‘= v, (t) - Vi(t)' | - (5.102)

where any circuit losses are iﬁplicitly preéent.in the selection

of Gc; i.e., the mddel's p;rameters are chosen to matéh'th¢ predicted .
gain at the output port with the gain measured at tﬁe game port. The

amplitude of the fundamental component of the voltage response

N is given by

/E_f1;7627 The distortion products in vr(t) are exactiy ;hQSé in:

a

v'(t; is |V -v [ for w and IV -V l for w , where V
r -1 1 1 1 i 2
th
ve(t)._ Hence, the n - order IM distortion is
IM (dB) = 20 log lvn/(vl-vi)l -, (5.103)

where n>Q gives the upper IM products ;nd n<0 gives the lower IM -
products. For amplifiers-wi;h sgfficient gain, the approximation

in Eqn. (5.101) can be used. The power at the fundaméntal frequency
is

. 2
P =10 log {lvl.-.vil cc/Z} . ' (5.104)
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a !
)
P «

The power at the distortion prodacts can be calculated by

P

means of Eqns. (5.103) and (5.104).
5.3.3 Computed IMPATT-Amplifier Distortion .

Large numberé‘grevgeneraﬁed in Eqn. (5.97) at microwave
: C S 2
frequencies because of the terms W Wy V(t) etc.. To avoid .

floating-point overflow problems in solving Eqn. (5.97),

- . . 10
the equation was first normalized:'wo was replaced by wo/(Zn x 10 )
-10 - . ' :
=f x10 ; Vv was replaced by anlo; 1 was replaced by -I/10. The
passive- and active circuit cwW admittance data was scaled to these:

normalized variables. The cubic spline cqefficients for the-passive

circuit admittgnce'éperator, and bicubic spline coefficients for the

active circuit admittance operator were determined by curve fitting this

scaled data. The 1teratioq'procedure for sblving‘Eqn. (5.97) was -,

@

'stoppéd when successive estimates of V. for n = #1, *3, 5, %7

differed by less than about‘lvll x 10
* Intermodulation distortion was computed for both the

measured circuit édmittance Y;(w), shown in Fig. 5.2, for the.

G L € tuned-circuit model. .
cce o

The measured circuit admittance is estimated to involve an

error 6f‘10-202; This error estimate is the samé as for the

electronic admittance, because the same procedure was followed in

| both.measureméﬂ§s to determine tﬁe'two-pbtt»netwo§ks-K1 and-K;
defined in Fig. 3.6. In the cir;qlator-cqubied ampiifier configuraci-f;
it 1is assuﬁed that a matchgd load‘iq.pteaented at refgrence plgné |
2-2"; th.¢(5.61) can then be used CO:éalcglaCQ Yé(@). This

éssumptfan intfoducéé little error since the VSWR of Ehe'waveguide
circulator is less than-1.16 ovéf tﬁevémplifier_béndwid;h.' The

[/ i
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Figune 5 2 Measured ciycuit admittance presented to the active region of

. the IMPATT diode in the experimental IMPATT amplifier. The
' measured small-signal electronic admittance (negative) of the

IMPATT diode (Idc = 25 mA) is als@hawn
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‘¢ .A‘

measured circuit admittance is- the admittanée.seen by éﬁeiﬁctive
region of the" IMPATT diode. Ampaifierrgain, calculated using

‘Eqn. (2.6), is the gain predicted at the terminals of the IMPATT-

-\

diode electronic-admittance{ This gain can be'transformed to the =§
output port, where the gain was measur;d, through a knowledge of '. .
— .

the transmission parameters of lossy two-port network K in Fig. 5. l(a)
The measured and predicted small—signal gain response at the output~
port are compared in Fig. 5. 3. It can be seen that: vl) the e

'predicted gain peaks at 19 8 dB whereas the measured gain peaks ‘at
17.3 dB (142 difference), 2) the: predicted centre frequency is

5.930 GHz, while the actual centre frequency occurs at 5n905 GHz
/
(0 42 difference),. and 3) the predicted 3-dB bandwidth- is 24 MHz

as compared to the actual bandwidth of 64 MHz (632 difference).

-

These discrepancies appear, at first,,%g warrant ‘a higher error .
'vestimate»EOr the measurement of Y (w). However, a 42 inctease in

G (w), to- decrease the maximum gain, and a 42 decrease in B (w),..

-~

'to lower. the ‘centre frequency, has a much larger effect on the predicted
' gain, as illustrated in Fig. 5.3: the difference in gain is reduced :%ﬂ

to 3%; the difference in centre- frequency is reduced to 0 2%- eandA
the difference in 3—dB bandwidth is reduced to 3%. The 10-202 error
estimate for Y, (w) is therefore reasonable. ;. " ' |

4

. Figure 5 3 also shows double the insertion loss of network K .
(calculation of gajn at the output involves incident- and reflected
signal transmission through network K). | The power gain at the

output port is about 3. 8—dB less than the power gain at the active

region of: the diode.- The 1.9- dB insertion losse of . network K is

B . . . - o -v ,
. . . . &
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Vthe measurement"of Y (w) and Y (w VRF)
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y
s

attributable colléctively to the waveguidefto—cdaxlai transition

(0.3 dB), several coaxial adapters: (0.4 dB), the bias tee

- (0.2 dB), cavity losses, small impedance~transformer.mismatches

" and package paqﬁsitics (1 4aB).

-

The tuhed amplifier is an undercoupled double-turied circuit

 because the measured gain curve shows only a single peak which is

lower than the maximum gain which could be achieved experimentally
through doub"le—tuning.' The two resonances near the centre frequen‘cy,

are 6bserved in the measured Yc(w) locus. Nevertheless, these

resonance loops can be approximated by a cubic spline interpolation

of Gcgﬁj aﬁd Bc(d), which are single-valued continuous functions

2

of w.
The computed two-tone (f =f +1 MHz) IM distortion for: the
model using the measured cixcuit admittance is shown . in Figs. 5.4
and 5.5. The predicted third—order IM distortion is about 10 dB
highet than the measured M distortion because the model's gain is
g

higher thah;the actual,gain. .Ihe'calculsted IM distortion is

maximum Qt-5.920vGHs in comparison with 5.905 GHz for the measured

‘distortion. = Agdin, this discrepancy is due to the small error in

“The gain and phase response of the G L C tuned-circuit

model are R}otted in Figs 5.6 and 5 7, respectively. The values

of G o L and C were obtained by fitting the gain expressed in

Equ (2 6), where Y (w) is given by Eqn. (4. 15) and Y (w) is the

meaSured small—signdl electronic admittance, to the measured

' smallfsignal gain curve. The circuit parameter values are: 5

. : . Ve
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Figure 5.4 Comparison of measured and predicted IM distortionm, using
quasistationary distortion analysis for the experimental
IMPATT amplifier (Igy = 25 mA) with a two-tome input (£,=5.905
GHz, f,=5.906 GHz) at the centre frequency. The measured cir-
~cuit aimittance is used in the analysis.
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n [
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\

L}
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Figure 5.5 Comparison of measured and predicted frequency-dependence of
third-order IM distortion at 2f,-f,, using quasistationary
distortion analysis, for ‘the experimental IMPATT amplifier
(I4.25 mA) with a two-tone input. (f, = f; + 1 MHz). The
measured circuit admittance is used in the analysis.
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G, = 1.371 mS, L_ = 0.8876 nH, and C_ = 0.6557 pF. The measurpd
and predicted gain respon@e agree,quite closely f;r input levéls
up to ~10 dBm. The phase responses do not agree as cloé&ly,‘
since the‘unde&coupled dotble-tuned circuit is approximated by é
single-tuned circuit; however, the phase differencg is less than
120° over the amplifier bandwidth. '

The two-tane IM distortion computed using the GchCc
mo&el is plotted in Figs. 5.8 to 5.11. Predictéd gain compression
is shown in Fig. 5.12.  Intermodulation distortion'calculéted by
means of Eqn. (5.103) was found to be les thanli dB highe; than
}hat éalculaﬁed Lsing the apprqximate:telat onship in Eqn. (5.101).
Upper IM &istortion differed from the ﬁiqgied ldwer'IM distortion
by less than 2 dB. The results in FiééFYS.B to 5:1%,show the same
‘Behaviour as a fﬁnétion of frequency and input level as the reSulgs
of theVolterra series distortion analysis. Consequently, the
 discussion in Sec. 4.3.6 also applies here. ' In fact, the same
third-order intercept point (11.5 dBm) is obtained by the two
‘methpds. A_more.detgiled comparison of the resﬁ;ts‘éf,tﬁeée two -

different methods with experimental measurements appears in

-

Chapter 6.

This quasistationafy'nonlinear distértion'study is applicable
up to input levels of -13 dBm per tone, at‘ﬁhich the model's gain
response bégiﬂi’:o deviate appréciably ftom thé meaqured gain response.
At -ls-dBm'inpuﬁ'level,lthe_computing time also becomes excessive |

A

due to the slower convergence of the iteration procedure- At an input

LN
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level of ~43 dBm per tone, only 3 iterations were needed; while at -13"
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dBm per tone, 40 iterations were uigally.required to reach the solution

‘ of Eqn.(5.97).

)

.5 4 Reduction of IMPATT-Amplifier Distortion by Feedforward Correction

| Consider the equivalent circuit of the feedforward—corrected
amplifier shown in Fig. 4.11. A simple analysis of the‘reduction of
IMPATT-amplifier distortion in the feedforward system can be undertaken

by assuming all the circuitry external to. the gonlinear IMPATT amplifier
to be linear. Let the input signal be |

' ‘ . » | ! .-

~

‘x(t) = Vcoswt+V coswt A \\\;\J(, - (5.105)
: 1 ) 2 2

<

where wl and w2 are incommensurable frequencies in. the passband of
-

the IMPATT amplifier, and wl-wz. Let the IMPATT-amplifier produce

distortion l-ki.vd(t), its output is then

y'l(_c) = |H| xrl(t-'td ) + \/1-kf_vd(t),_ B (5.106)
.. 1 ; o . .

v

Lﬁi ' S C s

<

* (O =NkEx  sam

where

~

|n| is the D{PATI'-amplifier‘ gain, and t dl is its group delay at
frequency wl. Assume that the error—detection loop is balanced so’

that the error. signal e(t) consists only of the distortion produced

_ byftheAIMPATT'amplifier; i.e,,'
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e(t) = - u kyl1-k? v (t)
2 20 1 d

(5.108)

If theter:or.ampiifier is'operating 1n71ta‘smaii-}ignalrl;near.

region it éontfibutes negligible distortion. Thus, the feedforward

amplifier output signal is ' - .
. Vi . . . ! } - . ’
< -\ll;kz"-dl- 2y (e-At ) + k |A |e(t-t . .109)
y(t) 2 k3”‘y1(' \2) 3] 2Ie( dz),u~ . (5.109)

\\ where |A | 1is the” error amplifier gain, and td is the group delay of the
\ .
- \error amplifier at frequency wl. Substituting Eqns (5.106)- (5 108)

into.(f » yields
\ d
\\ _ e
SN y(e) = \1-k2 \1-k2 \[1-k2 []H|x(t-At ~t, )+v, (t-at )]
| SV 2V 3 2 d.l d 2 . K
-u k k‘\/l-k’l A v, (t-t ) - . 5,110
u223. 1'2'(1( dz)'. ' ()
Ptecise balance of the efior-corre;tion loop exists when K{?
V12 \12 | - SN o
AL~ =3 | ' L G-111) -

‘and .
Ly * At . a . 2 :b A O _.l(5;112) ’

' Consider‘a‘sﬁail>ampl;tude imbalance,

<
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a % vy v g (5.113) .
2 [1-k 17[1-k k k J7?
-t T T ke 17
and a small phase imbalance
§ = t, - At . ’ _ (5.114)

We can write Eqn. (5.110) in the form."

oy = T2 NToZ IS [ x (e-at ~t, “at )= “ae -5 )] .
Cy(t) \/1 };lﬂl kz\ll ka[lﬂlx(t At tg, vg(t ot )=a v, (t étz (.52)]‘ .

(5.115)
“
If.vd(t) is third-order IM distortiomn, i.e.,
vit) =V cos ((Bu - 2w)t) L (5.116)
""" 3 T2 1 | :

where 3w27 2@1 = wl; then the magnitﬁde of d;stori}oh in ‘the output,’

from vector analysis of Eqn.'(S.llS),‘is
. - o ’- ‘ 2 ’ ’ - : . . . ‘-
3y ® NEFIIIATE v [ 20 e0s 6 17 . G.uD)

‘Using Eqns. (5;115) and (5.117) in 2.2), fhébthird-order ﬂistortion.'
for the feedforﬁird-cofrééted amﬁlifier a;'frequency-wifis
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. Co 4

. ) N
' I v [1+a-2a cosé ]L"t o
3FF(dB) 20 log i 22 2. - (5.118)
LIS |

I

} ) :
e A A

« .
) ’ N -9

The third-order distortion' for ‘the uncorrected IMPATT amplifier, y

from Eqas. (5.106), (5.107) and (5.116) is

. V ' . V » .))‘
IM (dB) = 20 log |—i—| . : x o (5.119)
3 Iulv1 : '

Combining Eqns.. (5.118) and (5,119), the improvement in.IM distortion
is ﬁiven by

. ) | 2 . . Y
LIMBFF-IH3](dB) -.20 log [1 + a = 2a2cos.62] . (5.1;0}

Edr.small amplitude-~ and'phase imbalances, Eqn. (5.120) can be

approximated by .

| i ‘ 2 2
-1M3](d3)'-.2o log [(1~a ) +aé ];i . .(5.121)
_ 2 22 ) _ L

i

[IM3FF

which is the same result as Eqn. (4.90) de;iyed from a more rigorous

Volterra series analysis, and plotted 1&”!139;'4gr77anav4.18.

'5,5 -Summary
A technique for the prediction of two—toac
2
a cwo-terminal negative-resistance refleccion anplif*\'

The technique is based om the analysds of a nﬁnlinear n 1ier model



diode admittance and the lineag passive circuit admi}tance. These
operators are fitted to the model by cubic-spline approximation of
the respective experimentally—determined admittances. For an |
equal-lesel two-tone inpUt,'the admittance operators operate on the
corresponding quasistationary input signal' i.e. the two-tone
input can be considered as an RF carrier signal with LF-AM modulation
superimposed. After these operations are carried out, the result 1s
a nonlinear differential equation which approximately describes the
response of the reflection amplifier to a two-tone input. The
equation can be solved iteretively, directly in the frequency domain,
for tne steady—state amplitudes of the nonlinear distortion’products.
This method was applied to a stable IMPATT-diode amplifier.
The predicted third-order IM distortion agrees quite closely (within
3 dB) with the distortion predicted using Volterra series analysis

(Chapter 4) in the range of validity of the Voltérra series model

(-23 -dBm per tone maximum). This technique is slow4running, however,

’ compared to the Volterra series approach because of the number of = -

multiplications of complex exponential series necessary for reasonable

-

accuracy in the'iteration procedure.

N
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The reduction in nonlinear distortion,by'feedforward-correction-

is calculated using simple network analysis of the linear feedforward

“circuitry external to the mgin'(IMPAiT)‘amplifier. The resulting

" expression is identical to the expression derived using Volterra series _

analysis.



CHAPTRR 6

EXPERIMENTAL STUDY OF IMPATT-AMPLIFIER
DISTORTION AND OF FEEDFORWARD—CORRECTED DISTORTION

6.1 Scope of the Experimental Study
‘ This chapter describes an experimental study of IMPATT-amplifier
. - S
distortion and of the reduction of this distortion by feedfor;:rd correc-
tion. An experimental 6-GHz feedforward amplgfier was desigﬁed.and con-

[y

strdcted in a waveguide transmission medium; the main amplifier is a
coaxial stable IMPATT amp;ifier; the error amplifier is a 1owfnoise TWT -
amplifder,

. The experimehtal investigation includes the following meaddrements.

1) The gain response, phase response, and gain compression of.rhe
experimental IMPATT amplifier are measured asla function 6f‘Pgth frequency
and 1nput'po§er | e

2) The 1ntermodulation (IM) distortion of the IMPATT plifiergnlone
(i.e., with the feedforward circuit switched "off") is measured as a function
of 'both frequency -and 1nput powerv Spectrum signature ‘data is measured for
a two-tone test signal to obtain the IM distortion. _ .

‘3);rhe two~tone IM distortion of the'IMPAfTbamplifier with feedforWard_
_correction applied (i.e., with the feedforward circuitvsvdtched "on") is
measured as a fuhction of bbth'freqﬁency‘and input power. *

- 4) The two-tone IM distortion of the IHPATT amplLfier with feedforward
correction applied is measured as a function of small gain— and/or phase '
imbalanees in the errer-correction loop.

"5) The'gain sensitivity of the feedforward—courected IMPATT amp;ifier_a
is measured | o | |

The experimental data is compared with the predicted IM distortion

197 :
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to validate the two nonlinear models for the IMPATT amplifier and the
feedforward-corrected amplifier, and to verify the two theoretical IM
distortion_analysis techniques: 1) “the Volterrapsefies approach; 2) the
numerical quasistationary analysis hased on nonlinear admittance opera-
tors. Gain compression'is also measured to provide further validation.of
the above theoretical analyses. '

The design of the experimental IMPATT amplifier is discussed in
Sec. 6.2. The experimental feedforward-corrected IMPATT amplifier is de-
scribed in Sec. 6.3. Section 6.4 includes the experimental test bench and
the two-tone method of IM distortion measurement. The experimental dis~

tortion results are presented in Secs. . 6.5 and 6.6 and compared with

the theoretical results predicted in Chapters 4 and 5.

‘6.2 The Experimental Stable IMPATT Amplifier

The didde mount, impedance-transforming elements and tuning
'resonators are realiZed in precision 14~mm coaxial air line as illustrated
in Fig. 6.1. The diode resonator iB a short length of series transmission
line which acts as a 1umped inductance to tune out the diode— and package
capacitive susceptance at the centre frequency 5.905 GHz. The tunézg re-
' sonator, another series section of line has the same centre frequency in
principle, but a different reactance slope with frequency in order to
increase the amplifier bandwidth. The experimental: IMPATT diode is a 100-mW
Silicon diode, type HP 5082- 0431 in an S-4 package. (pill with one prong)
Tg: diode is biased at 117 Vde and 25 mAdc via a bias tee. Thé& IMPATT am-
plifier is tuned to provide 17.3-dB small—signal gain at centre frequency
5. 905 GHz with a 3—qp bandwidth of 64 HHz, using ‘two coaxial tuning slugs.

Two' slugs are used in the experimental amplifier since the value of peak

gain_and its frequency can then be varied somewhat independently in con=
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trast with a single—tuned amplifier. The slug closest to the diode is
1.250 cm long (Ag/4 at 6'GHz) with an inner diameter of 0.66 cm, corres-
pondingbto a characteristic impedance of about 4 Q; the second slug is _
also 1.250 cm long with an inner diameter of 0.937 cm, correspondingbto
a'characteristic impedance of about 25 ﬁ. The closest face of the first
slug is located 0.14 cm from the diode flange, while the equivalent dimen—
sion for the second slug is 3.32 cm. A Teflon support forythe coaxial centre
conductor is Of&B cm or 0.085 Ag thick at the centre frequency{ it also has
some impedance—tnanaforming effect. A four-port waveguide circulator is
© used to separate the incident- and reflected signals at port 2 of the circu-
lator; isolation of the IMPATT-amplifier output‘(port '3) from the input
(port 1) is achieved by match—terminating port 4.

Under the above tuning conditions curves of gain versus CW frequency
were measured at input pOWer levels of -30, —20 -10 -7, —3 and 0 dBm..
- No spurious oscillations were observed over this input range. Gain was measured
relative to a 0-dB reference obtained by re;lacing the amplifier assembly
with a waveguide short-circuit at reference plane 2-2! in Fig. 3.6 (i e.,
at port 2 of the waveguide circulator) All the theoretical results for
IHPATT-amplifier performance in Chapters 4 and 5 are referred to this
;reference plane. Figure 6.2 displays ‘the measured gain behaviour of the

IMPATT'amplifier,‘with-an experimental:error of :0.1 dB. Absence of gain
ripple in the small—signal response, together with the fact that the amp]\.i-'
* fier was not tuned for maximum experimental gain, 1 ndicates that the double-
tuhed circuit is undercoupted. As the input level increases, the resonaht
‘frequency is louered the gain decreases,_and the 3-dB bandwidth widens
although the gain response becomes ‘more asymmetrical Values for the |

parameters in the tuned G L C circuit model of the IHPATT amplifier,
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v . ‘ ¢ Y
Fig. 4.2, were derived by matching the merl's gain with the measured
gain. A comparigon of these responses appears .in Fig. 4.3, for the Vol-
terra series.hpproach to,predicﬁihg IMfATT—amplifier dis:oétion, and in
Fig. 5.6, for the q&asistationary app?bach. Agreement’of Ehé‘predicted

~

and ;;asured gain over fhe amplifier bandwidth is s%en to bg good in
"both casés, at input levels up to -10 dBm. The gain predicted using the
measured circuit admittance, Fig. 5.2, does not compare as favourably with -
the measured gain in Fig. 5.3, because of the 10-20% error in the measure-
ment of the circuit admittance and the electronic admittance of the IMPATT
diode.

Figﬁre 6.3 presents information about the ‘saturation and_&ynamic-
range'properties of the IMPATT amplifier at sgveral different frequenciles
in the amplifier passband. Gain expansion over a limitéd'iﬁpéf range at
“frequgncies below the centre frequaauy'is.cléarly evident; gain compres-
. sion at frequencies above the centre frequency is also observea. The -
‘inpughlevel at ;hich departure occurs from B@all-signal‘oﬁgfaﬁion, and

“hence gain compression or expansion, is highly dependent’ dgifrequency.
‘This is due to the narrowband nature of the ekperimeﬁtal IHPATTVamplifierk
Gain compression or‘éxpansion'is shown distinct1y'iﬁ Fig. 6.4. Tﬁé
estimated error for this meaSu:éﬁent is +0.2 dB. An inteieating feature

. shown by these curves is the.géin linearization that can b; oﬁtaiued

b& opérating beloﬁ tﬁeAs?all-siénal resonant frequéncy of the IMPATT am-~
plifier. The‘inpﬁt levels for 1-dB coﬁptesaidn‘aré'listed in Fig. 6.4.
This gain>iinearizatipn is achieved by a partial compensation' of ;he gain
‘re&;ction,vunder 1arge—sigﬁal operétibn,'for the gaih expansion‘dpe to
lowering of the resonant frequency  ' ' : o . . .

*~ The phase shift of the. IHPATT amplifier das measureﬂ by balancing
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the amplifier output against an attenuated and phase-shifted version of
the amplifier input, in a waveguide bridge circuit utilizing a hybrid tee-
as the signal-combining element. The bridge is calibrated by balancing .it .
with a waveguide ahortrcircuit connected at port 2 of the amplifier cir- .
‘culator. Tﬁeﬁ;bplifier phase shift ia:then the excess phase shift,.intro-
duced by a precision.phabe-ahifter::necesaary to achieve a bridge null
when the. amplifier is connected'at port 2 of the circulator. lhe»measured
phase shift is compared with the<phase_shift of.the_GchCc tuned-circuit
model in Fig. 4.4 for the Volterra serg‘a method‘togpredict-lu distortion,
and in Fig. 5. 7 for the quasiatationary dietortion’analyais. As‘mentioned
previously, the deviation in the predicted and measured phase shift, is.
a consequence of approximating the undercoupled double—tuned amplifier
circuit by a single-tuned circuit. In addition there is an experimental
‘error of +5° associated. with the phaee ahift meaSurement. |

v The ‘group delay of the IMPATT amplifier was determined using the i
principle stated by Nyquist and Brand [98]. Essentially, the delay varia—'l
tions of the network ‘under test are converted into variations in the phase
shift of an LF sinusoidal modulation signal The conventional method
consists of first amplitude-modulating a CW signal transmitting it
~ through the test device and then measuring the phase shift ‘of the envelope.-
The group delay of the test device at the cw frequency is directly propor-
tional to the envelope phase shift [99] The group delay of the IMPATT

amplifier is 10 ns * 1 ns at the centre frequency

6.3 The Experimental Feedforward-Corrected IHEATT Amplifier
The experimental IMPAIT—amplifier with feedforward—correction :

applied is shown in the schematic diagram of Fig 6 5. All ‘the feedforward
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network components are realized ih WR-137 waveguide because of ‘the wide
choice of componente which were available. Notes on the choice of com-
ponents are listed. |

‘ 1) A low-noise (lo-dB NF maximum) “TWT, type Watkins-Johnson .
WJ-463, is uaed as the error,: amplifier It has 43—dB gain for small’ eignals‘
(lees than -30 dBm) and 1-dB compreeaion occurs at an input power of |
-34 dBm. The error—detection loop has to be balanced sufficiently such that
error eignale are in thia order of magnitude° “the error amplifier then .
v>adda negligible diatortion to the amplified error signal. Also, becauee the
TWT is btoadband (é to 8 Gﬂz), opé?ation over the narrow band of applied
‘ signals is nearly Jinear The TWT group delay was meaaured as approximately
15ns 1 ns at 5 905 GHz.

' 2) The required delay lines are 20-30 ns long, allowing for addi-‘.

. tional waveguide circuity. High attenuation loas (about 1 dB/m at- 6 GHz)

".prohibited the dse of 50—9 coaxial cable, therefore, WRr137 waveguide,

* having attenuation 1ose leee than 0 .1 dB/m, was chosen for the delay lines..
» The physical 1ength of the delay linea (group delay 4.8 ns/m at 6 GHz)
l‘u,is adjusted by meane of a Variable ehort—circuit conneeced at port 2 of a Q
| circulator, the signal entera port 1 and leavee port 3 with adjustable '
:ldelay. Precision phaee ehiftere are uaed to meke fine adjuatments ‘to delay—A;'
vv'line electrical length.A G A |
3) A 3-dB directional coupler ie used as ubevinput eignal divider,
4) A hybrid tee is uaed as the aignal-comparator, with the error
'fftsignal eppearing ab‘the E—plene ArB. Slide-acrew tuners are uaed to reduce

'the VSHR at the input portt of the hybrid tee fron l 29 to 1 10 over a '

e ~‘1oo-mz bandwidth at 5. 905 CHz..

’f, 5) Precieion attenuators are uaad for balanéihg the amplitudea 'V! _ ;

- of the eignala in both the error-detection loop end the error-correction

-~
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loop. . | “ ’ .

6) The amplified error aignal and delayed distorted main aignal
.are recombined in a 20-dB directional coupler.

A photograph of theaaaembledfeedforward system appears in oo
Fig. 6. 6 the thief components are identified

Calibration of the microwave feedforward amplifier was performed
first in the error-detection loop and then in the error—correction/loop.
With feedforward correction switched "off", see Fig. 6. 5, a small AM-
modulated 5. 905—GHz calibrating aignal was applied at the input of the feed—-
‘forward amplifier. Attenuator A, and phaae-ahifter A were adjusted for
| dninimum (ideally zero) aignal at the calibration port, ‘thus balancing the
: error-detection loop. Next, the feedforward correction was switched "on",
‘the IMPAIT-amplifier aseembly was diaconnected at port 2 of the waveguide
\ ci&culator andithe calibrating eignal was applied there. Balance of the -

S‘

_errordcqrrection loop was achieved by adjuating phaae shifter B, and

N

attenuator B for minimum (ideally zero) signal at the output port of the .
\ IR 5 . . ) B .

feedforward amplifier. v .'o_- R '_" o p e
The quality of the interferometric null in the error—detection 1
. 100p and in the error-correction loop acroeeithe IHPATT—amplifier paaeband
- is shown in Fig. 6 7 A best null figure of 40 dB 1 dB ia obtained -at
'l_the centre frequency. The aull figure decreasee to 6 dB for the error-‘
ddetection loop at: the»edge of the\pasaband, ‘and’ to- 8 dB for the error-
"-correction loop at the edge of the paseband. Thia eubatantial degradation

of the loop balance ia a consequence of the narrowband tuned-circuit D

.behaviour of the IHPATT amplifier, and in particular, the rapid phase shift :

7fthrough the resonant frequency. S ';: S f.;~f-
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| Figure 6.7, Measured variatfon in the quality of the errof-detection
‘ _.loop ‘balance and error-corréction loop balance. in the .-

, 3o o experimental feedfo

.. S
L. -

vard-corrected, IMPATT amplifier.
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6.4 The Experimental IM Distortion Test Bench and Procedures

- A test signal. consisting of two equal-level tones, having a very
—estable 1-MHz frequency difference, was required for the IM distortion
measurements. At microwave frequencies, it is difficult to achieve such
a relatively constant small frequency difference between two independent
| RF signal generators, since their frequency stability is usually of the
same magnitude or 1arger.vFor example, the frequency stability-of the
HP 6180'J-hand signal generator.(klystron type).is: - 0.0062/%:change.in
Tambient temperature'(this is equivalent to-i 360 Khz/°C at 6 GHe);

+ 0. 021 change (1. e., * 1. 2 MHz change at 6 GHz) for line voltage: variation
of + 10%, In order to have a fixed frequency differeﬂce between the out~
puts of»two separate RF signal generators, the outputs must ‘track- one .
another J |

- The microwave two-tone generator shown schematically in ‘Fig. 6. 8
0perates on the principle of a frequency—locked loop [100] The frequency,
f,, of the varactor-tuned Gunn-effect slave oscillator (Varian VSC-901984
. with frequency stability t 200 KHz/°C)depends on the frequency, f , of the

stable klystron (Hp 6180) master oscillator. These two RF signals are ,

. .combined in & hybrid tee. one output from the hybrid is used to control

-ithe frequency difference (fz-f ) and the other. output is. the usable two-
tone. test signal Ihe two sources are initially adjusted 80 that f |

is the desired test frequency and (f -f ) lies within the capture range
fof the frequency—locked]oop ‘The frequency comparator: circuit of Fig 6.9, -
_'modified slightly fron [100], compares the mixer output voltage at fre— ’
h,quency (f —f ) with the 1-MHz output voluage of an.extremely stable -
(iS x 10 ﬂz/'c) Quartz-cryatal oscillator (HP lOSA) and generates a dc

'-voltage proportional to the error signal comprising the frequency- and/or
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phase difference. The‘derived dc voltage is applied to -the varactor;
tuned oscillator go that the error signal tendsfto zero (f ?O.MHz
electronic tuning ieﬂattainahle,forptéO;Vdc change about‘the varactor‘+29.
Vdc offset voltage). In this 1ocked condition, the output frequenciee
f and f will have a frequency separation with a fixed frequency/phase
relationship relative to the 1-MHz reference signal. The two-tone gener>
ator remained 1ocked with a 1-MHz frequency difference for variations‘f
‘inlthe-master oscillator (f;? of‘iS hhz; A meximmmvsignal output ofp‘i:“ .
4.5 dBm per tone was obta‘ined ; this level was‘ adjusted by means off a
* precision attenuator.‘ o |
In the'experimental‘IM distortion-te;t set'nshown in Fig. 6.3,
the waveguide switch is- uaed to select either the input— or output test
~signa1 for display on the spectrum analyser (HP 8555A) the other signal's
level is" monitored on the power meter. The: IM products were. positively |
identified on the spectrum analyser by reducing the input test-signal ‘
'-power level and observing the decrease in IM product level third-order
™ products decreaae 3 dB for every l-dB reduction in input level; fifth—
:order ™ products decrease 5 dB fqr every 1-dB reduction in input level. ‘
For single-tone gain compression tests the atable klystron source .
was’ used. o hh | |
_ The above tests were performed on the stable IHTATT amplifier alone,, )
and on the IM?AIT amplifier With feedforward correction applied. Feedfor—‘l |
ward correction vas switched "om and "off" via the waveguide switch at
the output of the hybrid tee in the feedforward amplifier, Fig. 6. 5 Signal
'power levels for the IHPATT amplifier alone ‘were measured relatibe to a ‘

0-dB refereﬁce obtained by replacing the amplifier asso-bly with a wave— .

guide short-circuit at port 2 of the IMPAIT—amplifier circulator. .i
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g 645 Experimental IMPATT-Amplifier Distortion Resulte ‘and
Comparison with Theory. _ ‘

The weasured third-order IM distortion ‘for the IMPATT amplifier
. is" compared in Figs. 4, 11 and 4.13 wifh the distortion predicted ueing

Volterra series analyeia It is also compared in Figs. 5. 8 and 5. 10 with
‘the distortion calcuiated uaing quasistationary diatortion analysie of
“the tuned-circuit amplifier model. Within an expected measurement error .
‘of 12 dB, ‘the theoretical results ‘are in good agreement with experimental
'values, as shown to betéer advantage in Fig. 6 10. At small—aignal leVela,
.both theorieo predict th\e\eame.diatortion within 1 dB The absence of .
meaaured data at input levela 1eae than -30 dBm per tone, indicates its -
unresolvability on the spectrum analyeer and repreaents ™M distortion

more than 30 dB below the carrier. There is leas than 3 dB difference be-

"‘fhtween the meaaured distortion andpthe distortion predicted uaing the

Volterra aerigs approach for input levela up to ~23 dBm per tone. The

~

'quaaietationary method is applicable at higher input levela. theory and

experiment agree within 3 dB up[é;ldrige levels of -18° dBm per tone, and

R within 8 dB at -13 dnm per tone The agreenent is generally better at- the»

'-upper edge of the paeahand than at the 1ow edge of the paaahand This

' ‘difference may be attributable to a atronger lowarequency dominance

'h'mechanism outaide the amall—aignal region than either theory predicte

vf.ﬂAlso, the quasistationary analysis ceaaea to make reasonably accurate

/‘\¢
' tortion predictiona at 1evela higher than -15 dBm per tone because the

larger RF voltage ( 4.5 V. colpared with 1 4V at -23 dBm per tone) devel—_'

K »

oped across»the IHPAIT diode demanda a larger aolution grid for the iter- -
ation procedure. The fitted bicubic opline coefficienta approximate the

neaaured admittgnce in thia grid vith leaa accuracy than in a smalle ao—

{ .
“lution grid becauoe fewer data pointa can be uaed IR f af

“-
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Measured fifth-order distortion is plotted together with the
theoretical results in Fig. 6.11. Experimental data could only be re-
solved at input levels.above -18 dBm per tone. The Volterra series ana-
lysis is not applicable.at that level for reasons discusséd in Sec. 4.3.6.
Quasistationary distortion analysis of the tuned—circuit amplifier model pre-
dicts IM5 within 2 dB of the experimental results for an input of -18 dBm
per tone, i.e., there is good agreement within the expected measurement

error of *2 dB. This .agreement becomes poorer at -13 dBm input per tone.

The\“;aiher sudden increase in measured fifth-order distortion at input

povers above ~18 'dBm per tone indicates that nonlinear'phenomena of

‘higher order than fifth become significant at that level. Such high-order

nonlinear behaviour is not characterized adequately by the amplifier non-
linear model. Volterra series- analysis predicts fifth—order distortion

10 dB above the values computed'using the quasiststionary distortion

‘analysis at small-signal levels. This discrepancy occurs because the
'Volterra series representation -of the IM?ATT amplifier is based upon a

. simple second—order power series approximation of the electronic conduc-

. tance and equivalent electronic capacitance. Even though the diode nonlin-
'earities each have just a single second-order term, the Voltetra .series

expansion has an infinige number of'terms,A&he fifth- and higher-order

.

terms.in the resulting Volterra serf¢5~ however,'will not represent*fifth—'
order effects as accurately as 1f the nonlinearities were described by a

#
fourth-order power series The limited available experimental data o ﬁﬁg

1}

necessitates the use of a mo@h sensitive microane receiver for verffi-
T

_ cation of the theoretical analyses conclusively at small-signal levels - .

v

where the analyses apply.

Figures 4 12 and 5.9 compare the measured fundamental output

A
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INTER&ODULATION DISTORfION IMS_(dB)

Figure 6.11 Comparison of measured fifth—order ™ distortion at

=150

-160

30 Tl |
——— VOLTERRA
=~ in . QUASISTATIONARY .

q

5.885  5.895 5.905 5,915

mmumcr f (GHz) S

5.925

‘3f1-2f2, for the experimental IMPATT amplifiet ;
(Ige = 25 mA) with a two-tone input, (f,=fy +1 MHz),

vith the theoretical values calculated uaing 1) the
Volterra series analysis; 2) the quasiatationary dis-

tortion analysis.-

v
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power and distortion products, 'nesr»the.centre:frequency, vithlthe
theoretical results of Volterra series analysis and quasistationary dis-
tortion anslysis, respectively. The values compare vell within a measure-
ment error of *1 dB, at the fundamental frequency and at the third—order .
product 2f —f . However, the erro;_between theory and measurement incresseso
markedly st the fifth-order product 3f -2f . Both theories predict a third-
order intercept point P =11. 5 dBm referenced to the output drive signal. |
H The Volterra ‘series snslysis gives a fifth-order intercept P =g dBm, o
whereas the quasistationary .analysis yields P =l10 5 dBm. These vslues '
agree quite closely with the measured vslues. P, =12 dBm, Pgxll dBm.

The proximity of the fifth—order intercept point to ‘the third—order inter-
‘cept point is evidence thst fifth— snd higher—order nonlinesr effects
become increesingly inportsnt ‘as the output power spproeches nearer to

the 1-dB. compression point (*+3 dBm) end the saturation level.

| The curves of Fig. 6. 6 show the measured gain conpression,.with

an estinsted neasurenent error of 0. 3 dB, as a function of input power

_.snd frequency..The nessured conpression cannot be conpsred quantitatively .
.*.vith the predicted conpression, Figs. 6 15 snd 5 12 ‘since the predicted

. values -are of the same nsgnitude as the expected neasurenent error. How-
ever, the theories show good quslitative agreement with experimentel data.5j;u
\\:It is of interest thet both the Volterrs series anslysis and the quasiste-"
iona ry distortion analysis predict gain expension overaa range of input . i
le ls below the.centre frequency as confirmed by neasurement. | o

| There is s lsrge difference in the cost per distortion eolution _3

using the two theoretical snalyseo. The progrsm ss written for theAndshl f‘"
470 conputer csn be executed et spproxinstely'so 07 per solution at each

frequency of interest using the Volterra series spproach- the cost is

\
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n'obout:sdo to obtain_the’solution uoing‘quaoistotiondry'diotortion analysia;:
6.6 Experinental Distortion Results. for the Peedforwnrd-Corrected
IHPATT ‘Amplifier and Conparison with‘Tbeory. T
| The reduction of the.IH diotortion of the IHPATT anplifier by -
.feedforwnrd-correctiqn io a fﬁnction of the preciuion of balance in_both~ -
_the ertor-detection'loop and the'ettor-correction ioopt With only small
imbalance in the error—detection ldbp, vhich occurs for operation near
the centre frequency, the diotortion reduction dependo predominantly on a
" the error-correction loop bolance., The measured interferouetric null in
the ettor-detection loop vpo 40 dB t 2 dB nt the centre frequency, or
_3& dB t 2 dB over a l-HBz bandwidth as evident in Fig. 6.7. Thia error ..
sensor null was aufficient to nvoid oboervable distortion in the THT
(HJ 463) error auplificr at feedfotward l-plifier input leveln leos =
} than 0 dBu The correopondins ettor injection null in the etror-correct-. ‘
ion loop was tlno 40 dntz -dB. Thio ligure ouggests, ideally, a 40-dB

s #*
distortion correction capability at the centre fr .{ency.

!igure 6 12(3) illustrotos the feedforwai; anplifier uncorrected

f output (i e., with the etror—correction 1oop disabl .
f‘consisting of two tones ot 5. 9045-Gﬂz ond 5 9055 Guz with equal -13 8—dnn
'qmplitudes (equivolent to -18 dBn per tone at the IHPATT anplifier input)
: 'Visible in the photograph are"l) the input -igntla at -6 dn- t 1 dnn
';(-3 dBn 1 dnn at the I!PAT? .-plifier output) The 1ou—1eve1 noise nt
2 is FH,noise of the HP 6180 lisnal generotor, 2) third-order distortionﬁ
‘ptoduct. 5. 9035 GH: ond 5.9065 GHz having -34 dba 1 an- .-pn:ude |
.(—31 dnm :t 1 dn- refereuced to the Im"m npuﬁer output), 3) fifth- : ‘_ ‘
-"order diatortion producto at 5 9025 an and 5 9075 an with -62 dnn.i 1 dhl

”1evels (-59 dln E3 1 dll tefercnced to the IHPATT a-plifier output)

N

- . . . . . . . o . ) . oo ) . .

for an input aisnal'-ﬁ
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'rhe degree of - balance in the error—detection loop ie shown :Ln the \

epectrogrm ‘of Fig 6. 12(b) The mplitudee of the catrier frequenciel hevc

‘been réeduced by 113 Bt 2 4B when compared with Fig. 6. 12(&) 'l‘he dietort-

ion producte have . been reduced by the 24-dB loes from thes IMPAT'I’ mplifier- 4

: output to the error anplifiet 4dnput in Fig. 6.5. 'l'he total input power to .-
the error amplifier was -46 d&n vhich is in the linear opereting renge of -

the error amplif ier.

The output epectrum for the feedforwatd amplifier with feedfonnrd

' correction applied :ls ehown in Fig 6 12(c) which indicates that a

31-dB ¢ 2 dB reduction in ™ dietottion wae achieved 'l'hde result agreel with

the neasured 36-:13 interferoneter null dver l-HHz bandwidth in the error- .'

;

»cbrrection loop\ The. output power oi the feedforwerd eyetem wae neaeured

at the tvo input frequenciee to be -6 dm k3 1 dh— indicating a lose of

3 dB in power level fron the min anplifier output Thie loea ie due to

: the ineert:lon 1ou of Porte 2-'3 in the IHPATT-mplifier cirtulator ' o

(0 6 dﬁ), end the igeertion loes of. the o’utput coupler, the delay line o

(1 7 dB including 1 2-dB loeeee in t‘he delay linc circulator) the vari-'

o 7
_— able phaee shifter, the reconb.iner. l'he overall gain of the feedforward

'.utlifiet vas 8 dB t l d ,»;\conpared with 15 dB :t 1 dB for the IHPATT
' enplifier at -15 dBn totel input pawer. 'rhe reneining 4 dB lou in eed- B
jfarward anplifier gain is ﬁainly due to the s-dn input coupler and insertion Tﬁ

'1’ 'loue of porte 1—2 of the auplifier citculetor.

Accordingfco the theoreticel,relulte f Pig 4 18 31-dB inprove—

jnen: in Iu distortion 1- obteined for -o~3 dB<0<0 3 dB t-plitude inbalance

':ttlun‘.\l"'e‘ phau :llbelence in the error-cotrection loop. AUnfot-

'tune‘tely it ie difficult to diec l:ndet such mll leVele c quautitetivc

: :"_evaluation of the :elativc contribution of 3¢in and phue :In feiling to
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:-'achieve a more perfect balance. ﬂhen an additional 1- dB gain imbalance '
was introduced into the error—correction loop, Fig. 6. 13(a) ahowa that
. the IM products were reduced by 21 4B when compared with Fig. 6 12(a) “In -
Fig. 4. 18 it is clear that 21-dB reduction is obtained at 0. 7° phase '
" imbalance together with 0. B-dB amplitude imbalance‘ if the original gain
imbalance was -0 dB these reaulta are compatible. Similarly, Fig. 6. 13(b)
| depicta that the ™ producta wvere reduced by 26 dB when a additional 2°
~phaae imbalance vas introduced into the error-correction 100p, if the
original phaae imbalance was 0. 7' "and the original gain imbalance was o
-0 2 dB, then this reault is compatible with l’ig. 4.18. Finally, the effect
‘of both an - additional l-dB gain imbalance and a 2° phaae imbalance on the |

degree of dietortion correction ia ahown in Fig. 6.13(¢) . Here, the. dis- '

" tortion vas reduced by 20 dB whaﬁ eompared vith Fig. 6. 12(a) In Fig. 4 18,

- a hypothetical 2 7" phaae ilbalance and 0 8--dB amplitude imbalance prwidea
’ 19 dB reduction of IH diatortion in the feedforward syaten. llence the ex- : |

' perimental measurementa are’ cqnaiatent vith theory if for the meaaured

B maximum 3l-dB reduction nf m diatortion. the gain imbalance and phaae

imbalance in tbe error-correction 1oop were -0 2 dB and 0 7’, reapectively. f

Another aet of apectrograma for a -13 8 dh per tone input at

v5.9oos caz and s 9015 cnz appears m Fig 6 14. Comparing Figa. 6. 14(a)

b ‘v«and (c) we aee that l:ha mm«-pmu: m di.atm:tion haa baen reduced .

B by 11 dB, which ia conaiderably below the 22-dB reduction figure predicted .

e at 5 901 an in Fig‘ 6 7. Only an la—dll error aenaor null occurs at thia

-frequency becaue' .of the 11‘ difference between the IHPATT-amp“lifier phaae-. N
shift at 5 901 an and at 5.905 G!!z‘ where the loope vere balant:ed. -Thia '

'tather low error aensor null taaulta in —33-dm total input power ‘to tbe ,' '

.:'error anplifier at 5.901 Gllz, aa aeen in l'ig 6 lk(b) Since the error -
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.REDUCTION IN IM DISTORTION (dB)
]
8

1 | 1 ] | IR IR
» MEASURED -
O EXPECTED 1
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n"’:;
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| | | ] i 1 |

L. ©5.901
. ' [ ]

5.905 - 5,909
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, Figure 6.15 Comparison of measured reduction of IMPATT-amplifier

. ~ third~order IM distortion by means of feedforward cor-
A rection with the expected improvement values as a

function of frequency.

w3 ' .
- l | ] l ! ]
gg - PREDICTED . |
~ S , ' [ ]
=< 2 ®m . MBASURED a
. & : < " , /
i EE“ . . 4 .
SEH .
:;E‘.’ -
Bl .
-
g
R i
ég | “
"o]

AHPLITUDE IMBALANCE IN. ERROR—DBTECTION
LOOP AND ERRORPCORRECTION LOOP. (dB)

) Figure 6.16 . Comparison of measured feedforward—amplifier gain sensi*

'fg tivity with the predicted gain aensitivity.

r

0

226



227

amplifier 1-dB ccmpression nqint.occura"at'-3l—d8m input pover, the errcr‘
.‘amplifier-waa_operating,in its nfnlinear region and introducing its own

IM distortion to the feedforward amplifier. o o

Measured reduction of distortion in the feedforward amplifier is
plotted as & function of frequency in Fig. 6 15 together witn :ne improve-
ment expected on the baeia of the meaaured error-injection null Over the
5 902 - 5 908 GHz range, the dietortion waa reduced by more’ than 18 dB
and the reduction differe from the error-injection null by lees than 2 dB.
‘Outside this’ range ‘the dietortion reduction shérply decreaaed due to the

error amplifier being overdriven. This narrowband operation of the feed~

foruard—corrected IMPATT amplifier is a consequence of the IHPATT—amplif-

. -

ier resonant-circuit characteriatics.

LaatIy the gain aensitivity of the feedforward amplifier for a
Cﬁ:input at the centre frequency was measured as a function of amplitude
. imbalance in. the error—correction loop and error-detection loop by varying
the insertion 1oaa of attenuator A in Fig. 6.5. The reaulta, displayed in
Fig. 6. 16 ~show favourable ag‘rd(uent with theory; na’mely,that the.gain
of the EEedforward amplifier is changed by only .0lp Z for a p% change{

in amplitude imbalance. The difference between the curves ie due to an

"imgerfect initial balance in each of the interference loops. A‘

o,



" CHAPTER 7'
‘CONCLUSTON-
7.1 Recapitulation of Theoretical and Experimentel Reaulta
with Concluding Remarks : . ‘ ro
IMPATT diodes are Widely ‘aed at present in microwave oecil-
lators and amplifiers due to these inherenﬂgadvantages' low cost; high
reliability; small power aupply requirement;_and medinm-power capability'
‘at. high microwave frequenciea However, IHPATT—diode amplifiers typi- !
cally exhibit a relatively high level of intermodulation (I™) distort-
~ ion which has reatricted their application to FM and PCM communications
syatema [4l]. This IM distortion must be reduced if the IMPATT ampli-
; fieér 1s to be used in microwabe SSB-AM comnunications ayatems In SSB-AH
. ayatema, channel apectrum width is utilized more efficiently than in }
M systems but IH diatortion level ia a critical factor. Feedforward
. linearization is an effective technique for reducing IM distortion of

a microwave a-plifier to tolerable levela. the diatortion 1is cancelled

1 - i

_cby adding the inverse ﬁhase distortion.

In this tbeaia, theoretical and experimental investigations of

L IM diatortion,in a feedforward—corrected IHWATT anplifier have been pre— ‘

' sented A tecapitulation of the nnjor theoretical and experimental |
greaults reveals that all the objectivea, stated in Sec. 1 2, have been

‘fulfilled. | | s |
1) To charadhorize the nonlinear behaviour of an IMPATT diode

;as a function of frequency lmd RF voltage, a technique for the neasure-
'f“-ent of large-aignal IHPATT electronic admittance has been developed.
'»f'The nethod featnreo. i) neaeure-ent of the electronic adnittance with-

B out re-oval_of;she;diode from the nicrowave;circuitry; 11). use of a

s
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network analyser for ease and fle:ribility in changing measurement
frequency, and rapidity in data logging, iii) comput,er—aided data re- .
~duction for accuracy enhancement. The electronic ‘admittance of an
IMPA‘I‘T diode (HP 5682-04,31) was measured within an estimated error of
20% in the frequency rame:S 7-6.5 GHz, for RF voltage a'urplitudea'up
to 20 V across the active region of the diode at constant 25-mAdc biaa'
y current The experinental diode was succeasfully modelled by this mea-
sured nonlin electronic adnittance. _ |
’ 2) An eriinental' feedforward ‘amplifier has been 'conatructed '
mainly in a waveguide -trananiasion medin‘n', using 'a'.stable 'coai:ial .
| double—tuned D(PATT-diode anplifier (with the experimentally measured
diode) as the nain anplifier aﬁd‘\:‘a low-noiae, low-power, 40—dB gain
CIWT as the error amplifier. The niPATT amplifier was tuned at 25-1nAdc
'v‘biaa current for 17. 3-~dB. amall-aignal gain at the centre frequency, _
‘5. 905 Gllz with a 3-dB bandwidth of 64 Mﬂz. The phase shift introduced“.
‘.by the nIPATT amplifier was approximately +60° at the low end of  the -
paasband and -60° at the high end of the paaaband.
3) A mathematical nodel for the D!PATT anplifier itaelf, and
Lfor the conplete feedforvard-corrected IHPATT anpl’fier, has been de-
t veloped Thia nodel ia based on the Volterra series representation of
‘.the ampliflier 8 input/output characterist;l.ca. 'l‘he Volterra aeries in-
corporatea the capability of the conventional power seriea representa-
'A“'tion of nonlinear devicea vﬁ‘tﬁout menory to. predict amplitqde depend- A
,*enee of nonlinear effecta, together with the capabili\y to predict the
frequency dependente of nonlinear effecta in devices with nenory. Hence, “ |
l_ either the Volterra aeries repreoentation in the tine-donain, or the |

[

Volter_ra ,_tranafom,representation. in.the- f_requency-donain, ia_a. ua_ef_u]_.}
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approach to the analysis and understanding of microwave cintuits in
'which memory effects are definitely not negligible. ‘The Volterra series
is an infinite series in which the labour of computing the nth—term
increases rapidly as the order n increases. Fortunately, in tne study
~.of nonlinear devices and systems it 1s often possible to neglect terms
in the Volterra series of higher order than the fourth or fifth if not
the analysis must be confined to nild nonlinear operation for which
only the low-order terms are needed to characterize the input?output
behaviour When ‘the first few nonlinear Volterra transfer functions ‘
are known, items of interest reg!rding the output can be obtained by
-substituting the values in general‘formulse derived'from tne Volterra

series representation. of specisl interest here are the outpnt IM

distortion for an equal-level two~tone input and gein compression for

&n single-tone input. ‘
The nonlinear Volterra transfer functions up to fifth-;;der
for the IHPAIT snplifier were derived from an equivelent circuit of
'-the anplifier. In this equivslent circuit the IHPATT~diode nonlinee— ]

"rities are represented by a seperate qusdrstic power series apgroximat—

.

. ion of the nessured diode electronic conductance and equivslent elec-
'7tronic cspacitance which is included to sccount for nemory effetts.
The psssive circuit sdnittance presented to the sctive region of the “
‘ f'diode is represented by a GchCc tuned circuit The perameter values.v
were experinentslly deternined fron single-tone measurenents. f_y'
The gein— and phase response of the equivslent circuit vere in
| good egreenent with the nessured s-plifier perfornnnce for input powers

up to —10 dnn In particulsr, as the input‘paver increaled the snpli—'

'fier gain decressed- the resonent frequency shifted downwsrds, the gain_

.
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curve became increasingly as;mmetrical; and the group~d§1ay at the
centre frequency .increased. | |

‘ The Volterra transfer funCtions were used to calculate third-
and fifth-order Iﬁrdistortion for the experimental IMPATT amplifier
with a two-tone input. Predicted third-order IM distortion agreed uith
the measured distortion within 3 dB up to input levels of -23 dBm

per tone over the~passhand. However the predicted fifth—order dis-
.tortion onlyagreed‘to within 10 dB witp the measured distortion, due

to the inadequacy of the quadratic power'series representation of

the diode's nonlinear admittance for predicting fifth-order effects. _
The measured value of third-order IM distortion for an input at the'
centre frequency was -22 dBm f’l dBm for O dBm * 1 dBm output'at each
fundamental tone; the measured fifth-order IM distortion was -45 dBm

+ 1 dBm for the same output power These values indicate that the ™
’distortion was predominantly third~order distortion and hence the total
distortion was predicted very well by the Volterra series analysis
"for input levels up to —21 dBn per tone. Beyond this range, more terms
must be inc;uded in the Volterra series to describe the nonlinear be-
ihaviour of the IHPA?T‘anplifier. In d@ditidn, to predict fifthrorder

s,_ 4
distortion accurately, the diode 8: nonlinear electronic conductanqe

-

and susceptance should each be represented by a fourtﬁ-order power

L3

--.series which greatly conplicates the analysis Gain compression was

¢
’also predicted using the Volterra transfer functions and showed.good

Qualitative agreement ‘with neaaured values; quantitative agreenent
could not be verified because the neasurenent error (iO 3 d8) was

larger than the nagnitude of the’ predicted values

Tha\noulinear Volterra transfer functions up to fifth—order

1 LI

ks - | PR - L
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\

wg:e:derived for the general microwave feedforward amplifier. The
following major results have been obtained from a distortion analysis

of the feedforward smplifier by means of these nonlinear transfer

functiona | - B ¥
1) The degree of balancegf he errordderection loop deter-
mines the power which must be handled:by rhe error amplifier.
.As long as rhe power rating“of the error ampllfier ie not a
factor in the'feedforward amplifier design, good cancellntion
of the information-bearing signal in the first loop ia not
.required However, if the power capability of the error ampli—
" fler 1s sdcrificed for a lower noise figure (the noise figure
. .
of the.overall amplifier is basically that of the error ampli—j
fier) then very good cancellarion of the 1nput.signa1 in the
~ first loopiis required so that the error amplifier does not: ,
saturate and thereby'incre;ne.the oVerall'IM distortion. When

. the error anpl‘fier {s driven into its nonlinear region the

results can be disastroua.ntor exanple suppose the error sig—

14
&

nal grows by 3 dB in response to a l-dB 1nput ‘pover change to
lthe main anplifier. If the error anpyifier is in ito nonlinear
region due to a_poor error—oeneor nullvln the error-detection
: loop, its-ontput ha-“a co.ﬁonent“groéing aé 3 dB for each dB
‘ 1n _or 9 dB fron input to output of the feedforward amplifier._'
. For SSB~AM - oyotenn,‘ﬁhere He are oeeking good anplifier 1in-
Aearity even to high peuk powera, thie effect 15 substantial.

,Hence the error anplifier Iuet operate in 1ts linear region ».;‘

v

to obtain ﬂhe deoired distor‘.rn reduction. o na' e,
' Another observntion regarding ehe erro:—detec‘&on loop
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balance can be made for spplicetion of the feedforward ampli-
fier in comnunicstions systens Any imbalance in the error-
detection loop produces a feedthrough of the input signal
which shows as an echo on the feedforwsrd amplifier output
if a mismatched.delsy exists in either the error-detection
loop or error-correction loop. Although thiS'is not‘a non-
.linesr problem, itensy‘be.serious, e.g. for.telephone.re-
ulpesters, where very good 1inesr response (gain flatness end
'linear delay over the Channel bandwidth) is also a priority

11) If the erxor amplifier is operating in its linesr region,
- the distortion reduction capability of the feedforward smpli— :
fier is entirely dependent on the degree of gain— and/or phase
hnxsnce in the error-correction loop Moreover the distortion
reduction is independent of the sctual values of the uneonpen-,
sated distortion. An expression, Eqn. (4 90) has been derived
for the relstionship between snplifier distortion suppression
and the degree of gain- snd'phas inbslance in the error— |
correction loop. Contours of constant improvenent in M dis-

-~

tortion ss s function of gain— snd phase varietions in the

»

errorhcorrection loop hsve been presented in Fig. é 18. These ‘.'t

. L
contours directly deternine the vslues of gain— snd phsse
imbalance which csn be toletsted for a given desired improve- -

nent in » distortion._An iaprovelent of.the order of 17 dB
N

| :is snticipsted for s lsrge gsin sndfphsse imbslsnce (1 dB snd

‘§°, respectively) ‘ ‘

e _ rﬂ’&_;..-‘ “: '
iii) The sensitivity of feedforwsrd snplifier gsin to snsll 4‘

gsin fluctustions e.ipnd ee of the nsin- snd error snplifiers,,p

,".
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respectiue]y; from the precise‘balance'xalués is giuen hy .
(1-éme;) for amall,phaae imbalancea.AHence the overall gain
senaitivity is reduced by Sty ; e.g., if both the matn=
and error amplifier deviate from the precise balance value
.by pz or if the amplitude imbalance in both loopa ia pZ
the gain of the feedforward amplifier is changed by only
.° 01p2z Furthermore, if there is a precise amplitude bal-
ance in either the error-detgction loop or error-correction
loop (i e., eﬁ =0 or g = 0), the overall gain remaina al-
most constant for small phaae imbalances.

In particular application to the experimental IMPATT amplifier
the measured. feedforward amplifier behaviour compared well with the
predicted behaviour near the amplifier centre frequency. Intermodu—
lation dietortion producta were reduced by.630 dB at the centre fre-
quency, 18 dB over a 6-HHz bandwidth' and 10 dB- overan.&-MHa bandwidth

' However, outaide thia fre‘ range the imbalance in the error-

'-VdetectIon loop degraded rapidly beeauee of the reeonant-circuit char-

acterdi tica of the IHPATT-anplifier. chiefly the large change in phaae
ahift t rough the reaonant frequency. The rather large imbalance in

" the: erro detection loop outside the B-an bandwidth cauaed the error
W
-alplifie to aaturate and to contributa ita own diatortion to the feed-

t:-forward lifier output. The reaonant character of an IMPAIT amplifier Lo

, leadafto narrouband parfornance of a faedforward—corrected IHPATT ampli-j‘ik

fiet}-sf e lethod of adaptive phaaa control auch aa ‘s bandpass filter ii"'*"




o 'I'he resulting nonl:lnear differential equationwas solved, in the fre-

,'i_quency do-ain, for the IK distortion produced for a two-tone input,
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6) A second mathematical model of the feedforward-corrected ‘ ‘f
:IMPATT amplifier has been developed This model provides a very ‘sat-
.;‘iafactory basis.for-quasistationary ™M distortion analysis of the = = =
:IMPATT amplifier (with a two—tone input) over a wider range of input
:power levels then ‘the Volterra formulation However, the method ie
~ not ‘as general as the Volterra series approach .since only specific Lg
information, viz two-tone IM distortion and gain compression, can- be
‘obtained in the analysis//;;e ‘amplifier model consiata of a parallel
combination of the measured electronic admittance and passive circuit .

< admittance, with an equivalent current generator for the ingut signal. _

The circuit admittance can be measured as described in Sec 3.1

(w?thin an experimental error of 202), or approximated by a t_ned
Gdﬁl.cc circuit. The admittance data can be in discrete form, t'bular
form, graphical form, or expressed as a function of voltage am itude
-and frequency. The unique smoothness property of the cubic spliie func-
:tion (bicubic spline function in two dimensions), i e it is the |

.\.smoothest interpolating function through a set of data points,‘ma',s

'b.circuit admittance, a bicubic spline function of RF voltage smplitu'e

'and frequency is uaed to describe the IHPAIT electronic admittance.
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B and phase variations of the. carrier frequency are much. flower than the '
_response time of the network) is generally valid ‘The calculated third— ‘
~order ™ distortion for the IMPATT’amplifier was in close agreement with
the measured values ‘at input levE{e up to -18 dBm per tone, and was also -

in very good agreement with values predicted via Volterra senies anslysis

pPredicted fifth—order distortion agreed favourably with the measured
ain compression calculated from the fundsmental output pover “
tatively with the measured compression slthough the values.S
(.were too small for quantitati%e eomparison. In regards to efficienqx’
i'the quasistationary analysis coats about 600 times the cost of the
‘Volterra’ series snalysis for a distortion solution at a single frequency'
'dland several input power ldvels in the range -43 dBm to -18 dBm per tone.
E Feedforward amplifier performance has also heen analySed from
B linearkequations describing the interferometer behaviour of ‘the error—f
"detection 1oop and rtor-correction loop in the time-dsmain. The re-'
sults of this anslysis are identical to those calculsted by means of )
‘_ithe Volterra series method 4 | ' _:_ _ | '.
o ‘ﬁ S) In general, good ssreement of the predicted IH distortion ff
-_‘for the. IHPAET amplifier, and for the feedforward-corrected IHPATT |
i‘?ﬁlplifier, with the meaaured distortion hss been obtained._Thus, the f{ifﬂ'”

'..;.nonlinear n!PA’ﬂ'-diode aaplifier models, ™ \distortion analysis methods.;

i'-lsoftvare;implementation,'andf asure-ent methods and teehniques have f;!;}f;
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appears that the Voltarra transform representation of nonlinear devices
-and _systems does not’ enable us. to do anything that cannot be done other-
.i.wise waever, other direct approachea for solving distottion problems
in such syatems often lead to a morass of- algebra, e.g. the quasieta—
tionary approach developed here, or computational difficulties, e. 8. |

| integration routines ‘may not be senaitive enough for calculating low—

_ level distortion by integration of the nonlinear differential equation.
The Volterra transform approach has the virtue that many such. problems
‘can be treated in an orderly fashion by first. computing the Volterra

~ transfer functions and then subatituting them in the appropriate general
,formulae .

‘ Outside the scope of this thesis, the Volterra transform method
"has already been used to predict amplitude crossmodulation-distortion

"(AH-to-AH conversion) and phase crossmodulation distortion (Aﬂhto—PM e

: ;_-conversion) in both a stable IHPATT amplifier, and in the feedforward-"ii

ﬂi?:corrected IHTAIT amplifier [101] In [101] it is shown that the phase o
:timbalance in the error-correctiOn loop nay lead to. improvements in the
'-i croaamodulation distortion substantially different from the correapand-j
:5ing improvenent in the internodulation,diStortion. Moreover, it is ehown
;'that by app?opriate’adjustment of the phase inbalence, large reductions
\' '_ (over 30 dB) in crosanodulation distortion of the feedforsard amplifier
2 can be achieved while -aintaining mter 20 dB reduction in m diatortion.

o The author feels that these theoretical £Esu1ts should be verified‘by pf

thorough experimtal 1nvestigation. It 1a also suggested that the e

"Volterra transforn teclm‘lque be used to predict m diarortion in tlie
: i

- g’"_;man~mp1:1fier and in the feedfor\grd-corrected nnwrr aﬂpliﬁ.er for o

R ",‘s‘r”‘dom_bandlinited ca” sisn’ 'no:l;e input Such » rando- neise mput
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should be considered since it well represents frequency-multiplexed

speech in a communications channel The results of thia analysis should

'be verified by noise-power—ratio distortiﬁn testing of the amplifier

. For practical application, it 18 recommended that an attempt
be made to broadband the feedforward—corrected IHPATT amplifier
Possible techniques are: 1) Fabrication of the amplifier in microwave
integrated circuit (MIC) form ‘using an IHPAIT amplifier as’ the main
amplifier because of its relatively high output power, and\a Gunn~

effect‘amplifier as the'error amplifier because of'its 1ow*noise characdi

-teristics A coumon h;;:\rink would allow the components to track one
‘another and thus the necessary loop balance could be sustained 2) Use
_ of bandpass filters to’ compensate ‘the group~de1sy characteristics of

- the main- and error—amplifiers These could ‘be the interdigital type

for an HIC feedforward amplifier Alternatively, a feedforward—corrected

| FET amplifier might avoid the narrow bandwidth problem since resonant
_,circuits are not needed. Such an. inexpensive microusve solid—state feed—
'forward amplifier could be considered for use in futur\ SSB-AM coummni- o

tcations systems where the dominant limitations have baen amplifier non- -
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APPENDIX A’ ® : . e

INTERMODULATION 'DISTORTION IN TERMS
' OF VOLTERRA TRANSFER FUNCTIONS -

It 1s assumed: ,Eh‘t the nonlinear amplifier in question can be Are-
presented by the Voltﬁtra,;erien given in Eqn (4. lo) A sufficient condi-
tion for the existen erf th‘e Volterra series is that the}operetion of
r.he system be rest-nd ed ‘to a t,egion of asymptotic stability [21] This

Vo T "..'..r,

includes the pru?ca apl

7 TTE]

~I

kerpel to be 17n' tinegwthe sum §f the r \

e b,

Fourier transform, ‘ fr¢ Eqn.&fr 8) is\aldi%h synmetrical function
f its argunents Alab asmg‘e that 1-1“ is érontiguous in its arguments ‘,]ngi,a

? ~
is true fot the.' ulplif-i f}mder consideretion here, and should be ttﬁe
R
fot"%u prectical nplifiera [21] oy 'A e .
. : » .

.

Consider t)le ,,;pplicatiom of a two-tone input, x(t), as given by

Fe
. -~

'»f(t':) 1"-‘V(.'c:.c:‘e‘m‘-t; + cos 'w t)’ ST .7}\ (A1)
The input can Be rewrittenas =~ ~ - -
LR . ST * @
. i e e e e e e . PR N AN . e e .
. S S . v v 5!;\. R S N N ‘ . .
x(t) "3 [ekp(jp t)..-+-gexp(d§s£s3+‘.-§01 : - (A2) |

t ) T

s P24
o

where CC represents the bonplex conjugate tems For small distirtion " , 51‘
v * ‘ ,. .. he

and frequencies ml-wz , the third and fiftb bems in Eqn. (lo 4) are the

4 \

mjor contributora to t:he third—order m product Even-' "" r terms will

} has leu than octave bendnidth., Subatituting Eqn. (A2) into (4 A), o "Jr-.~ o

'A produce dieto'rtion pro@ucta outeide ’the»paaaband’ oi‘ the anplifier ﬁu r“‘ﬂ’ .

¥

b
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carrying our the integration and using the Fourier transform notation,

- we obtain the steady-atate response at frequency 2wl-w2:

O

24

20 =
1

where

and :E:N denotes the N nonidentical termB abtained by permuting the argu—

a
ly

«Y v H (- - ~0 )t
z(t) P ?[23 Ha(:lwl..jwl. Juzz)] .exp(:l(2¢91 wz.)t) + CC g

Vs 3[ ' ‘
— 1l ‘H (jm jm .- w = w ) +

230 Hs(jwl ’le '-ij’Aij’-'jw‘z){ ] exp(j(.Zlml-‘-mz)t) '+. C?

L

":(jw o, ,’. ) = H(- jm‘ -jm‘,”.., R > :“”n

(A3)

(M)

mentd of the kernela. The number of terns, N, can be calculated from the

number of pernutetions of n ergunente where p arg

q argunents are: of another type, and the remaining, if any. (n—p—q) argu- :

-

‘first term of Equ. a3 N a /2'1' =3 R

Ty

'—h)

Ce S '
Sioce H ond H _are sy-netrical in their arguments,

»

(t) - [-—- H (jm ,jus ,-ju) ) + Svﬁ , H (:)u ,Hw .-jw .jﬂv ":lm )

liﬁ‘ are of one type,

mente erewdiotfgct de nuﬁber N is given by N = n'/p.q. HE-N g., in the -
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y -(t)'-f.".

g 2V IH (jw ..‘lw ."jw ,jm ;—jw )| cos [(2w - )t '

s

i

+arg S R Lt -
2 ‘_ .
+—_8- . I{is(jm;’j"f‘l’.-jmz'jmzy’,f‘fz)‘_., cos [(2u,=w )t
. , | o . . ; . ) . B ‘.
s 4 arg H (jw ,jm y jwz,jwz,-jm )] C ‘(“A6)4 .

JORE ,” o "’«9

:7";?--.;?:1 .‘.,." . L

q,: tho requr(ae 6! a nonlihear amplifier.

-/ /( Similarly, for small diatortion and frequenc:les wl -mz, the fifth

rm 1n !qn. (4 4) is t'.he ujor cantributor to the *fifth—otder IH pro—- '

uct Perfd!b;l.nj the integration with the twa—ton 1nput of Eqn. (A2)

1nserted 1nt\o Bqn. (1» 4) yields the steady-atate r&;ponse at frqquency

Y
. . P i

S P IEET

-Since 1-15 is "‘bm;ifcil in its arguments, o ,

Y’ N (t) _S_V_ H (jm .jw ,jw .*-ju ,-jm ) exp(j (30) -2:» )e:) -l- CC. m:_'(AVB)

R ST

Iﬂaj(jml 'jmll'.‘jmz) l ‘C°_3 ['v(‘z_ml—wz)"t + 'ar.:g. Hs (jt;)l ;jml ,-j.mz)] ,

-
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| R S a‘rg‘-.l}s(jwl‘,jmi ’4,m1 ,-‘jgrzg-juiz ] - .

Equation (29). e‘:_::pre.ssea‘the_ amplictude.of" the fif_ghﬁ:@eﬁ IM proc

the response of a ﬂéﬁlineir_ amplifier. '
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It is assumed n in Appendix A, that the nonlinear amplifier in .

{4.> T e

'ytﬂ:ies given in Bqn. (4. lo)

question, can be represented by the ‘lgll
It is aleo aesumed that. 1) the Volte"rfi'}‘tnelsfand thé,o%lterra trana- ‘

\LT‘

'.;.-.:gf foms ’ere symetric functione of their respectd.ve arguments- 2) the R
VOlterra transfoma are c.ontinuoua functions of their arguﬁents ‘ .
Considhr the application of a cw input x(t), aa\}given by .
: ‘ }'"’n’ ' o S : . A
£ o x(ty=V cosrwlt -y [exp.(jwlt) + CC] - (BL)

w‘.. B »
>

whﬁe cc d‘enores the complex conjugate :enne. I'f the amplifier ia only dri- A
- ve? nildly into the nonlinear region ‘of operation, t:he t:hd:rd and fifth

em :ln Bqn (4 4) ate t.he .mj'o:.. ontribut:o:s to amplifier gain com-

,-,.




TN P

.'\i“" RS -I-_'.l:‘"" i ) '.‘.- ' - ‘.r . .
S o - o SSince H3'-anc_l Hs,gre dyrr:nn'etrica‘l in‘-‘their 'argmpétitq,, )

”f;":—‘_": iR T R . o

. . .
. . e . - .

'.3}1{(‘.;«:&) + 23..v. 'H,s,i(-‘jff"1’j'f’1.-’:j“:1) SR

L . b." H -’_. . [ B o M . o " ' . : . N
+ 2V H.Gw L0 ,ju s=ju ,~ju )|+ exp(ju t) +CC . . (B3
. .16 s 30,3 1}’? Tt 1A).] _P(j e (83}
The fampl‘i'"!i'er qucpﬁé at the 'f_iinc‘lamenta_l' frequency wi‘;'-'is‘,;thﬁ's N
SIS - < : " ‘. : N ‘ (. . '4 L s ' ‘. ..—.' : ' R
. . . - - - o _"737;{5.-.',“’,-; }) L s - .

e ..,z%(‘u -V x‘i“.l?J ‘coa.[.wl : argd(;?l)l. R e
. 3.3 T - ; T LT

. + — v . H ) < . + . H -y . ’h ) N

4 "fl "3(3% Ju"‘.,j'q'l)‘ .8 4['(”1;-‘ A8 3(3“’1,1“_'1. ."El')lu s

i s ek

.x‘ .

o ‘l'he first ‘ce?gi 1n Bqn., (Bl») representa the ,linear amplifier output s




