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& ABSTRACT

This thesis presents the author's work on the analysis and design of FET
frequency doublers, including the implementation of a FET model for large-signal
applications and a nonlinear circult analysis program based on_the modified
harmonic balance method. '

In addition, the first reported E-plane frequency doublers are described and
their performance data presented. The author's program for spectral domain
analysis of unilateral finline in included in an appendix. The doubler was developed
at the Communications Research Centre {C.R.C.) and was intended to be part of a local
oscillator unit pumping a 44/7.5 GHz finline downconverter. It converts an input.
signal at fo = 18.75 GHz to 37.5 GHz with a conversion loss of 5.8 dB, producing an

output power of 8.5 dBm. The purpose of this design was to demonstrale the
praticability of such planar technology for the development of low-cost, reliable
components in the millimeter-wave range.



niributl f this Thesi

There are two principal original conltributions made in this thesis.
Firstly, in the field of FET frequency mullipliers, two examples have been
demonstrated in planar technology, being the first designs reporled in the literature
to make use of finline for this application.

' The second conltribution, in the more general field of nonlinear device
modeling, is the implementation of an integrated software package for the automated
small-signal measurement and modeling of GaAsFETs for large-signal applications.
This software, (PARFET,EXTPAR,INTPAR) provides the user with a simple and quick
means of characterizing a device over its enlire operating range. Sinc¢e lhe bias-
dependency of the resultant parameters is expressed in closed-form, the device
model can be inserted into nonlinear analysis programs such as Libra™, providing a
valuable supplement lo built-in models, which are usually based on a single

commaercial device. As an illustration of this, the model is demonsirated in a
" harmonic balance program wrilten by the author. This program was intended to
ilustrale various principles of operation of the GaAsFET frequency multiplier,
including the effects of bias and harmonic terminations on operating efficiency and
the relative contributions of the various sources of nonlinearity.

-
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This thesis describes the first repor‘ted effort lo realize a Ga
frequency doubler in E-plane technology. Du‘ring the course of.,_klhis work, various
aspects involved in the use of I;ETs in nonlinear applications were explored in some
detail, including device modeling, nonlinear analysis and device-circuil interactions.

The Gallium Arsenide Field Effect Transistor (GaAsFE:l'), continues 1o be
the most widely-use‘d aclive device avéilabl_e for solid-state microwavg applications.
.Therefore, since its behaviour is relatively complex, there is a neeld. for medels
(particularly for nonlinear operation) which_ are easily oblained, accurale and
simple to implement during the design process, Chapter 2 reviews the principles of .
operation of this device, and presents a technique for deriving a large-signal FET
model directly from S-parameter measurements made over a range of bias points in
detail. Resulis for the NEC67300 GaAsFET used in the subsequent design are shown,
as well as resuits for in-house devices.

A frequency multiplier is only one example of a nonlinear circuit.
Analysis ol such circuits (which include mixers, power amplifiers and oscillators)
is fairly complex, particularly in the microwave range, and for' praclical design

purposes requires the use of numerical simulations. The wide-spread interest in

obtaining nonlinear design tools is reflected in the recent appearance of

1.1
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commercially availéble packages such as Libra™ and Harmonica™. Both pa/qkages are
based on the Modified Harmonic Balance analysis technique (MHB)./a ‘simutation
. . A
method which represents the best compromiseg .in terms of sp ed and flexibility.
’ \
Chapter 3 presents a detailed description of the author's implemgntation of the MHB
method for the frequency doubler problem.
»

Chapler 4 describes the theory of frequency multiplication in GaAsFETs.
The relative conlributions of the various sources of nonlinearity are described, as
well as the conditions under which they may be oplimized. Supporting resuits from .
he simulation programs outlined in Chapters 2 and 3 are also presented.

The frequency doublers described in Chapter 5 were developed as part of a
study undertaken at the Center for Research in Communications (C.R.C., Depariment
of Communications, Shirley's Bay, Ottawa), into the potential of E-plane components
. at millimeter-wave applications. Two versions were built and tesled: one in
unilateral finline and one in a combination of antipodal finline and microstrip. 1t
was intended to form part of the local oscillator unit driving a 44/7.5 GHz finline

downconverter. A comparison of the two approaches gave some insight into the

usefulness of finline for applications involving 2-porl devices.

%

Chapter 6 contains the measured resuits for both doubiers: the
microstrip/finline doubler achieved significantly belter conversion efliciency,
bandwidth and output power than the all-finline version.

Program listings for the FET model parameter extraction (Chapler 2},

1.2
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r\(odified harmonic balance an'alysis {Chapter 3) and unilateral finline analysis
‘/{Chapter 5) -a;e included in the Appendices i, 1 and Il respeétively. These
programs Weré written by the author for use on an IBM-PC- AT or compatible and are
implemented in Pascal -(Borland Turbo-Pascal version 3.0). |
In summary, in this thesis the author presents three contributions 1o the
design and analysis of F-ET frequeﬁcy doublers: |
1) Two novel frequency doublers have been realized in E-plane technique.
2) A technique for measuring and characterizing FET nonlinearities bean
implemented using the HP8510 network analyzer, HP310 computer and IBM-PC
microcomputer.  The resulting model is applicable in ﬁw‘any large-signal
applications, and may be used in conj.unclion with other nonlinear software packages
for‘ the design of oscillators, mixers, power amplifiers, elc
3} A harmonic balance analysis program was wrillen to simulate the
behaviour of frequency doublers under various bias and load conditions. This
provides a simple bul useful means for understanding the op:aration of GaAsFET

doublers.

1.3



The Gallium Arsenide Ffield Effect Transistor, (GaAsFET), was introduced for
microwave applications in the early seventies, [2.1 -2.3]. The significant
advantages it offers over other solid-state devices in terms of gain, isolation and
naise performanée have resulied in the GaAsFET becoming the dominant two-port
microwave device in use today. !mproved fabrication and modeling techniques have
encouraged ils use in a variety of applicalions in digital and analog micrewave signal
processing, including amplifiers, mixers, oscillators and frequeﬁcy multipliers and
dividers. ‘Thé good isolation, gain and power output capabilities of the FET, as
compared 1o the diode, have resulted in it gradually replacing that device at up o
millimeterwave frequencies, as fabrication improves.

This chapter provides a brief explanation c?f GaAsFET operation, describing in
detail the particular targe-signal model chosen for app[icaﬁon in this thesis.. This
model is obtained direcily from measured S-parameters without need of optimization
routines or |engthy De charac‘:terization. The pn:ncipal séurces of nonlinearity in

GaAsFETs are illustrated using results calculated for the NEC673 device using the

programs listed in Appendix 1.

2.1



> 1 Device O i

The field-effect transistor, whether gallium arsenide or silicon, is a
unipolar device in which the current flow betwesen two of the termi\nals (source and
drain} is controlled by a voltage applied to the third'(gale). Figure 2.1 shows a
schematic cross-section of a simﬁlified device. Note the presence of a _semi-
insulating (S1) layer which restricts current flow to a well-defined channel region
of maxin\wum depth a.‘ One of the advantages of GaAs as opposed to Si is that high-
qualily S.l GaAs is easily grown, permitting use of lhé planar construction shown
here, which is both convenient for discrete devices and integrable into monoliltﬁc

integrated circuits (MMICs). If such a layer is not present, device isolation is

significantly degraded, as it is difficult to control the active channel depth precisely.

éource Gale Drain

Depleted Channel

.........................................................

:: Semi-Insulsting GeAs Substrale

Fiqure 2.1; Schematic Cross- ion of GaAsFET
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in order 1o reach a qualitative undersianding of thv this device operales, thg\?(
following simplifying assumptions can be made:

iy channel doping is uniform, with carrier concentration ND, and there are no

free carriers in the 3l layer

i) the transiiion from1dep[eted to aqlive regions in the channe! is abrupt

iii) the longitudinal electric field Ey is much less than the transverse

component Ey in the deplgted channel region and E,(:-:-Ey in the active region.

(This 'gradual channel approximation' is not slri‘ctly valid for short-gate

devices.) |

iv) the velocity-field characteristic for gallium érsenide is approximated by -

a piece-wise linear function, although in fact it is much more complex, as

suggested in Figure 2.2. —— Steady Stale

]

- — - Piecewise Linear Approximation

2%10°
- L

constant velocity regime

AN / V' =Vsar P

/N

CARRIER VELOCITY (m/s)

ix10°
3
—
\...‘___'..

constant mobility regims

// (WE) =)

A

1 . - - 1

0 1x10° o108

ELECTRIC FIELD (V/m)
Flgure 2.2 Yelocity-Field Characteristic for Gallilum Arsenide
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If Vgs=0 and Vg is some small value, a voitage drop is indu;ed in the channel
by the current flowing from drain to source, causing the gate to become in'creasingly

negatively-hiased with respect to the channe'l towards the drain end. Thus the

carrier-depleted region is wider towards the drain end of the channel (i.e. dix) .-
decreases). Under these low-field conditions, electron mobilily is assumed constant

(n(E) = uo). andthe channel current may be described as for any standard FET

{Shockley,[2.4]):

¥

Ips = @' Ng-Z:d(x) 1o E(X) (2.1a)

d

where Z is the gale width. As the negative gate bias is increased and d(x} decreases,

the field E{x} in the active channel increases beyond the critical value EC and the

carrier velocily attains its salurated value, VSAT, so that:
Ips = ANgZ-d(x)-VsaT ' (2.1b)
Source Gate Drain

pacechargeregion

Semidngulating Substrat

Xgat

Fiqure 2.3: For ion of -Charge Dipole in GaAsF



Once VSAT has been reached, (2.1b) indicates that any further decrease in
d(x) must be accompanied by an. increase in carrier éﬁncentralion. since IDS is

conserved. The abrupt widening of the channel seen at the drain end is then initially

—— i .-

compensated for by a decrease in concentration and a space-charge Ilay,er—is"ft');med
(Figure 2.3). Virtluatly all the voltage drobp between qrain and sbﬁ.rce OCCUrs across
this dipole layer when the device is in saturation. Thus, once the channel current
saturates, it increases only slightly with larger drain voltages.

A typical 154/Vpg characteristic shown in Figure 2.4: a region qf linear

increasa in current with voltage; a 'knee' where channel conduclance falls off

40
30 ~ Y
- . Threshold
— P Y
L "//51/’/;//-':::
£ Lololiiiiialisil
V £SPPIP e SS S -
Ay 8 Vo.e=-03
Q 20t as= "0
H 20 ~frosooiigiociis ¢ V. .=-02
Yy utu:j S
Yrz2277 YA LA _
ey & V_.=-01
AL LA AR GS
LA -
Ll x v - 0.0
LS GS
A2, N
7 A
7,7
P
LA
LA
7,
L
4
.
’
0 : . . ' . . :
0 1 2 3 4
vds [V]
Figure 2.4: IDS-VDS Characteristic for GaAsFET (Measured Data for NECE73)
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T axponentially; ‘and ﬁna‘lly a saturated region .where currént is 'almost conslant with
increésing VDS. The cnset of saltjralfon ocecurs at VDS = VTH‘ the threshold volt.age
for a, given value,Qf VGS' Note that current is not completely constant in "‘lhe
saturated region, the slight Increase being caused by a modification of the shape ol
the -depleted channel, as discussed by Lehovec and Miller, [2.5]. As drain voltage is
i reased for a fixed VGS' the higher elecl;fc field shifts the peoint at which carriers

. _ .
reach vgg; (Xggp) towards the source end of the aclive channel, which is less

nelpatively biased with respect to the gale. Hence d{xs,p) is larger than before and

more current is injected into the channel.

RUUUY Y S — e
\ ;T_L i , VWV °

.........................

Figure 2.5 shows a typical lumped-element equivalent circuil representalign

. of a GaAsFET. It contains two different groups of elements: the extrinsic parameters
R«, R4, Ry, L, L4, and Ly, which are dependent on the device technological
s Nds Pgy bs ,

l':
parameters only; and the intrinsic parameters (enclosed in the dashed box in the

2.6



figure), which are manifestations:of the undepleted channel geometryA and thus highly
bias-depender;t. The element values for this eqdiva!ept circuit are frequently
obtained by a least-squares fit to measured S-parameters [2.6-2.8]. By. caiculating
a series of such models over a range of operating' ;Soints, one can ob_servé that the
princ;lpal nonlinear elements, l.e. those most sensilive to \;ariations in operating
point, are the gate-source capacitance Cgs. the gate-drain feedback capacitance ng.

and particularly the transconductance gp-

alds

Om A\ .
dVgs|Vgs = constant (2.2)

and the output conductance ggp:

do Ala[i{
dVds Vgs = constant

(2.3)

There have been a number of methods proposed for extracting the FET model
parametars, including the least-squares fit optimization mentioned above and others
[2.9-2.12]. Th(ese are satisfactory providing that reasonable starling values are
.known and only one or two bias points are required. ‘However, for large-signal
simulations, which require modeling over a wide rané;e of operating conditions, such
an approach is cumbersome. Considerable savings can be realized by selecting a FET
model that can be direclly related .Io the measured S-parameters, efiminating the
time-consuming optimization step. In general, such models, [2.13-2.14], are again
derived from measurements made al many b‘ias peints, but over a limited frequency

range (usually' low enough that the parasistics can be ignored). This approach only

27



analyzes the intrinsic FET and the access elements must be determined separately.

Lg

Rg

cos S S T 1 e

.Cgd
) R

|
11

Ls © Cds ) $ Ld

Rs ’ Rd
]

iqure 2.6: | ro Drai rr v

2.2.1 Extrinsic Parameters - Bs, Rd. Rg. Ls. Ld. Lg

One of the most widely-used techniques for calculating the resislive

parasitics is the Fukui method, [2.15], however it requires an accurately calibrated
DC test measurement system and does not determine the inductances. During the
course of work carried out at C.N.E.T., (Centre National des Etudes des
Télécommunications, LAB/MER/MLS, Lannion, France), the author had already
implemented a program for the HP310 desktép compuler which permits the

automated measurement of S-parameters at up o 40 bias points, using the HP8510

28
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network analyzer and éilher programma?le or mgnual ﬁoﬁrér supplies. Since- this |
syslem was already availth_e'a’./a_,modéﬂm/ap;;:roach. was sought which v.v'o“hld exploit
ils ease of use and accuracy.

The method used for determining the parasitics from\,Rf: measurements was
. first described by Diamand and Lavirom, [2..161. When drain current is zero, a FéT
may be represented by the simple model shown in #igure 2.6, with the channel
fegion under the gale being described as a uniform lransr.ﬁission line of total
resistance Fic and total capacitance Cc' A simplifying condition is imposed that this
transmission line be electrically very short, i.e. |‘\{l|2 = mRCCC.« 1, where Y is the
propagation constant in the channel. The channel resistance-and capacitance are bc;lh

sensitive functions of the active channel depth:

L
c q-NDZ;ba -
) : (2.4)
LZE
c:? (a-d)

, (where e = dielectric constant in the channel} (2.5) . -
The frequency of measurements must be kepl low enough that the channel is short
compared to one wavelength.. A channel opening greater than 20-25% is

recommended, to ensure that CC remains reasenably small, i.e:
%:1-4/M>0_20 |
VGS + Vp (2.6)

where ¢ is the built-in gate-channel potential barrier and Vp is the pinch-off

vollage, or value of Vg for which d=0.
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Under these conditions, the impedance matrix [Z] = [R] + J[X] for the

equivalent circuit in Figure 2.6 in common-source configuration rhay be written:

-
| Resnmgs Ces3Cdst3CdQ Re | Rs+  CCe2Cod o
] 3{Cc+Cgs+Cgd) 3(Cc+Cqgs+Cad)
' Rs+ Cc+2Cad Rc As+Rd+Re
" 3(Cc+Cgs+Cad) _ | (2.7a)
(Ls+Lg). co- ! : T
X]= w[Ce+Cgs+Cyd) Ls-w
Ls-w {Ls+Ld)wo
— —
(2.7b)

The inductances can be obtained directly from the reactance matrix [X] and
should be independent of VGS' although there is a sharp variatipn as pinch-off is
approached. The resistances are calculated from [R] by noting that, for the flat

doping profile assumed, (2.4) may be re-written [17]:

A= R co
vV +d

1 - GS
%EY%

 (2.8)

Thus the intercepts of the straight-line graphs of (R21+R12)/2. R22 and R11 VS.

' -1
[1 v "/(‘VGS +¢)I(VGS+VD)] may be calculated lo give Rs‘ Rd and Rg, respectively,

where:

CRIAN
Rzy Rz

The program 'EXTPAR' listed in Appendix | was developed by the author for

the IBM-PC. It extracts the exirinsic parameters from a series of S-parameters

e
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\ .
measured al several frequencies over a range of gate biases, (VDS fixed at zero},

based on the above analysis. 'The only DC measurements required are for Vp and ¢.
This program was used lo analyze several devices, including the NEC673 and FETs

fabricated in-house.

Ls. Ld and Lo Calculated for 0:5 um FET Using EXTPAR

1

T
K=
g
o
=
a B Ls
£
0 ¢ Ud
% a g
o
n
a.

0.0 0.5 1.0 1.5
IVgs| (V]

] 2.7: Variai (P itic_Ind ith G Bias.
Figures 2.7 and 2.8 show typical results obtained for an in-house 0.5 um
GaAsFET having \.;fp =1.98 Vand ¢ = 0.45 V. As expected, the inductances are seen 1o

be independent of VGS up to VGS = -1.0, corresponding to a channel opening of 23%.

(The inductances are extremely low in this case because the FET was probed on-
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wafer using the Cascgde RF-probing station, [2.18]). The plot of HH VS,

» |

[1 -V(-Vas +¢)/(VGS+VD)] shows a similar bias limit: frequency dependence is
small and the graphs are linear only for channel openings up to about 25% . The
deviation from linearity as pinch-off is approached is caused partly by the additional

biasﬂ-dependence of Cc' which appears in the exprassion for RH, and partly by the

increasing asymmetry of the channel.

R11 for 0.5 um FET Calculated Using EXTPAR

40
B @ 2.32 GHz
. * 296 GHz
30 o 3.60 GHz
a o 424 GHz
° m 488 GHz
_ = o 552 GHz
=3 o A 6.16 GHz
= 20 4 o] A A B.80 GHz
& . m  7.44 GHz
| + + 8.08 GHz
10 - ] E
| |
N .
0 T T T T T T T T Y T T T T
1 2 3 4 5 6 7 8

1/(Normalized Channel Opening)

Fiqure 2.8: Variation of R11 with Gate Bias and Freguency

2.2.2 Intrinsic Parameter Extraction - dm. Cqd.Cgs.Cds-do-Bi

The characterization of the intringic FET parameters for large-signal

2.12



operation is done in two sleps. First,l small-si'gnal equivaient circuits are derived
from S-parameters. Once these discrete or ‘incremental’ paramelers are known,
global or 'instantaneous' expressions can be developed using the method described in
Section 2.3. A relatively large number of incremental equivalent circuils are
required for this synthesis, so it is especially desirable to have an efficient
algorithm for extracting them. This is why the method proposed by Minasian,
[2.18], was selected, since it doas not us;a optimization and requires little CPU time.

By considering only the intrinsic parameters of the circuit shown in }_:_igure
2.5, Minasian showed thal it is possible lo relate each element direclly to the

measured Y-parameters. Individual elements are calculated using:

- _RelYa1 ] L
™ 1-RelYs IR, (2.9)
g0 = 1 '
T (T+g; H_S)-Reinzl (2.10)
c = mitpl+Iml,|
ds
w (2.11)
c= cImYl- RegyCys
gd w (i+g.R)
m (2.12)
- (1+g.R 4 I, |+ ImjY, 4|
i w (2.13}
- ReiY,| 1 952
R = H -R_-R.|1-Ea<
N ,.———‘I._ leiyul + Imlynl)1 9 s [ Cgs (2:14)
] ['mIV.,I-lrnI‘é,I]_L Rel¥,| -
WRefY,| I[Y| + Imi¥, . - (2.15)
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S-parameters must be measured at low enough frequencies that the inductances can
be ignored. The author has found empiricaily that 4 GHz is a good upper limit.

The ﬁrogram 'INTPAR' listed in Appendix | uses data from the i;!P8510
automated measurement soflware mentioned earller to calculated the intrinsic
paramelers for a given device at up to 40 bias points. Results ‘of this analysis as
applied to the NEC673 are shown in the nex! few pages, and they iliustrate a number
of important features of GaAsFET non!i_near behaviour.

The computed values of transconductance are shown in Figure 2.9. The slight
decrease in Im for small values of |Vgg| has been reporied by others [2.20,2.?(14.\_
and is thoughl- to be due to a reduétion of charge-accumulation effects.

The outpul conductance 95 shown in Figure 2.10 displays a nearly exponential
drop in the threshold region, after which point it remains virtually constant over
VDS‘ The drop is due to the accumulation of the space-charge dipole, which begins. at
the onset of saturation. Since any further increase in VDS is compensated for by this
dipole, the voltage drop along the rest of the channel remains constanl. Hence VDS
has very litlle ijrlher effect on 1DS and 9y stabilizes at some small vaiue.

The drain-source capacitance is frequently treated as one of the exirinsic
parameters and considered to be constant. As can be seen from the resulls in Figure
2.11, this assumption is reasonable, as Cds shows much less varialion with Vgs than
does Cgs, (Figure 2.12), provided the device is operaling well inlo saturation.

There is, however, a marked nonlinearity in Cds as threshold is passed.
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ng, shown in Figure 2.14, is much smaller than the other two capacitances,
reflecting the greater distance between the gate and drain contacts. In addition, the

extension of the depletion region towards the drain edge of the channel with

increasing VDS causes ng to drop sharply.

0.03

? o Vgs=-03
g * Vgs=-02
2 A Vgsw=-01
£ ©. Vgs=0.0
[$1]
4
Vds [V]
iqure 2.9: Com Tran n nce for NECG7
0045 - :
0035
n
g O Vgsa.03
] 0025+ ® Vgs=.02
A 0 Vg5 =01
& ® Vg5a00
2050
0os r . T . — T
05 05 15 Vds[v] 25 3.5
iqure 2.10;: Com 1] nce for NECE7
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Cds [pF]

Cgs [pF]

06
0.5
4] -
0.4 1
1 o Vgs=-03
0.3 * Vgs=-02
g Vgs=-01
© Vgs= 0.0
0.2 1
0.1
0.0 T 1 ¥ T L T T
0 1 2 3 4
Vds [V]
lqur -
S ——
B Vgs=-03
0.3 * VgS =-0.2
o Vgs=-041
© Vgs=00
0.2 1
0.1 1
0.0 . . . . . r .
0 - 1 2 3 4
Vds [V]

2.186



ng [pF)

0.03

0.02 A
B Vgs=-03
* Vgs=-0.2
o Vgs=-0.1
° Vgs=0.0

0.01

0.00 v T T T

0 1 2 3 4
Vds [V]

Elaure 2.14; Gate-19-Rrain Capacitance for NEC673
This model is derived at low frequencies (< 10 GH;':), so the validity of
exirapolating it was investigated, with the results shown in Figures 2.15-2.17. S-
parameters calculated 1o 18.0 GHz using SUPERCOMPACT™ with the in-house device
model for VDS = é.S V, VGS = 0 V are compared to actual measurements. The
agreement is seen to be good eno;Jgh to justify using this mode! for design purposes;
at least up 1o 18 GHz. ’
In this technique, it Is‘critical that the S-parameters used to characterize the

N

device be properly de-embedded. Device bondwires are accounted for by the
parasitic inductances, but conneclars and any excess transmission line must be
calibrated out using, for example, the Through-Reflect-Line calibration technique,

[2.22].
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==+ Measured S11
- - Modeled S11

« <« ¢ Measured 522
- - = Modeled 522

\""-~L__,J_ ¢ ,L.f"_)‘

1

e e ii A RN e R A a iR R

-] -.5 19 9 .
Figur
g N ? . 150
B . J .. - Measured;S2
- . ~ - - -Modeled/S21
5 —- - 12D
- - -- Measured|S21 O o Gp
- Modeled |521! — ) o
o
. Q ” rcn‘
B )
5 59 m
- wn
-10 - 30
= T e R Do L 9
o 5 Y e I
FREQUENICY (GHED)
Flaure 2.16: Measured vs. Modeled 521 From 2 - 18 GHz
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A syslematic procedure has been developed by Willing et ai., [2.23], for
deriving the global parameter expressions for a large-signal model from the
expegimentally determined bias-dependence of the various mode! elements. Although
this \\;;rk was originally based on an equivalent circuit derived using optimization
lechniques, il is generally applicable, and was used in by the author in this thesis for
" the model descri.bed in the previous sections. The instantaneous current through

each nonlinear model element is described as the product of the instantaneous value

of that element and the voltage (or time-derivalive of the voltage) across it.

-
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Referring to Figure 2.18, the following expressions can be wrilten:

in(t) = gm(va(t),vot))-valt) ' (2.10)
ioft) = go(va(t).volt)-volt) @.11)
ia(t) = CGS(VGS(t)'VD(t))'éVaLt(Q | 212)

where the use of small leflers with capital subscripts indicates the instantaneous

FI.“\
quantities.

(5o
[ 11 —
VG[tT_L Cys () - +
- ' N
) R D i g, D]O[tl AL
g i
s .

Fiqure 2.18: Instantaneous_Currents and Voliages in_Nonlinear FET

Note that the above equations are functions of the .internai gate and drain
voltages, vG(t) and VD(l) respeclively, whereas the curves calculated in the
prévic;us section were funclions of the external terminal voltages VGS and Vpg. These
static resulls are referred to the internal voltages Vg and V. It is assumed thal
quasi-static conditions are valid, i.e. that the static expressions may be exlended to
the time-varying case. The instantaneous voltages and currents may be writtenl as

the sum of their static and dynamic componenis:

&
\aSas

2.20



ip(t) =Ip + ing'(t) (2.13)

|G(t) = |G + ;g(t) {2.14)
va(t) ='VG + Vg(t) (2.15)
vp(t) = Vp + Vg(t) (2.16)

where capital letters with capital subscripts denote static quantities and the tilde
denotes the superimposed small-signal voltages and currents.

Under quasi-slatic conditions the expressions for lthe currents through the

nonlinear elements are approximatad as: - @
Ta(t) = Gm(va.vo)-Vg(t) (2.17)
io(t) = Golva Vo) (Va(t)) . (2.18)

8
etc.

where GM(VG,VD), GD(VG,VD) are lhé incremental nonljnear parameters, and the
time-dependence has been omitled for simplicity. /

The transconductance willl be used as an example to show how an
instantaneous nonlinearity (gy) is derived from ils experimentally-determined
incremental counterpart (_C}M) for the resistive elements. Substituting the
expression for instantaneous cujrent and voltage into equation {2.10), one oblains:

Io+ialt) = gm(Va+Tg(t) o+ Va(t))- (Va+Tg(t) 2.19)
Applying the Taylor Series expansion for functions of two variables in lerms of

Vg+Vg(t) and Vp+Vg(t), (2.19) can be rewritten:
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y s el g2 e V7 0)
L = A d V4V
Ip+i® QM(VG-VD) g v vy G g
3 .
vy VG
VD=VD

(2.20)

Once the terms in (2.20) have besn multiplieb\ out, retaining first order terms and
equating the dynamic components, a substitution of (2.18) for the instantaneous

parameter results in :

i i 0 0 gdvG.vD) w ma g vG.vD)
" . -even e+ L ey —
GM(\é ‘VD)\b () =Y () gM(\é Vo) +\{G g Vg vy }
_ . v.=V
G G
(2.21)
or
VG= VG
VD=V ‘
D (2.22)
A similar proéedure is used to find:
' - Vo [~ o 090vG VD) | ~ . 990(VG.VD)
Go(Va. VD)=an(Va vV ) LT gty S U 2.23
ofVe,Vo)=golVa D)'ng)—{ Vol = =+ dl) =5 | vg-vg @23
VD:VD
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For the capacitive e!ementé:.
l6+Tg) = Casvavo) Va+T4()
ia(t) = cas(vevo) S T(t)
= Cgs{va,V0)- rg

or

Cqs{Va,Vp) =|cas(va,vo)l vp=VD
vg=VG (2.24)

Similarly:

Cys(Va,VpY = lCGs(VG vp)| vp=VD
VGG (2.25)

For the charging resistance H;:

Ri(Va.Vp) =|n(va.vp)| vo=vD
vg=Va (2.26)

Closed-form expressions for the instantaneous capacitances and charging

resistance can thus be obtained by fitting two-dimensional polynomials in v

(1) and

vD(t) directly to the incremental parameters. The transconduclance is derived by

noting that, by definition {2.2) vD(l) must be constant, i.e. Vg{t) = 0. Imposing this

condition on (2.22) and substituting the fitted polynomial for GM(VG,VD) resulls in
a relatively simple expression for gM(vG vD). If
M{VG,VD) = Z fn (vD)-vG.
: me=0 (2.27)
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then, based on (2.22) with Vg(t)=0:

am(va.vp) = Z falvD) .

meo M+1 . (2.28)
and, similarly:
n
halvg) . :
go(ve.vp) = —"-(—G—)'VB‘ -~
! m=0 m+1

(2.29)_/

where: : i

ofva,vp) = z hn { VG
v M0 (2.30)

~

The resylting formulas for the instantaneous parameters may be easily

inserted as subroutines in any nonlinear analysis software, and are applied in the

Modified Harmonic Balance Program described in the next chapter. .
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3. NONLINEAR ANALYSIS : THE MODIFIED HARMONIC BALANCE METHOD

\

3.0 Introduction

Nonlingear analysis has.lan extremely broad range of applications in
circuit design, since all. transistors and diodes have inh(;rent nonlinear
characterislics which can affect circuit performance to a greater or iesser degree,
depending on operating conditions. The resulting circuit response may be
undesirable as, for example, in the case of large-signal amplifiers, where it causes
intermodulation and distortion products, AM-to-PM conversion énd olher unwanied
effects. The same behaviour is, however, exploited in the operation of such

components as mixers, harmonic generators and microwave detectors.

For purposes of circuit analysis, nonlinear systems may be considered in
AS
two groups: slightly nonlinear systems, in which response gradually becomes maore
nonlinear as operating conditions vary; and highly nonlinear systems, which depend
upon the nonlinéarity for their operation. The first group,' (which includes
generation of intermodulation and spurious products and microwave deleclion),
exhibits a conlinuum of rgsponses, so it may be appropriale to analyze such
problems using ‘piecewise linear’ or perturbation techniques. Analysis of the second
1, '

group, however, must use true nonlinear methods, since attempts to linearize such

systems eliminates the behaviour one is trying o characterize. Harmonic generation

F,~
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and mixing are instances of processes which require full nonlinear treatment and,
since closed-form analylical sclutions are rare for this class of problems, it is

almost always necessary lo invoke numerical techniques 1o obtain solutions.

Nonli Apalvsis T . [3.1]

The term 'nonlinear’ in this context actually covers several different
families ot differential equations (DE's) and, while the Laplace Transform proviﬂes‘ a
gon-eral procedure for the solution of linear homogeneous DE's, there is no analogous
approach for handling the r;onlinear case. Solutions must be developed according to
the specific characteristics of the system under consideration. T)}pical examples

.

include: parametric systems, which are linear but have lime-varying coefficienis of
.the Ic:rm ¢+ a+bl(h]y = 0; 'true’ nonlinear differential equations, where coefficients
are themseives functions of the dependent variable, (e.g. ¥ +f{y)y +ay=0); and
partial DE's for distributed circuit analysis, i.e. those in which spatial effects are
included. The problem of harmonic generation in GaAsFET's falls in the second group.

The steady stale solutions tor the above systems may, in theory, be
obtained simply by numaerical integration, but this is not usually practical, due io
the amount of computation time required. This ié particularly true for microwave

systems, where time conslanis may range from picoseconds for parasitic elements 1o

seconds for the bias circuils. Analysis would require both small step sizes to retain

3.2

)



all information and a long period to arrive at the steady-state solution. In addition,
convergence of such mathematically 'stiff systems cannot be guaranteed.
Prior to the advent of widely-availablé digital computers, many
-
analytical lools were developed for application to nonlinear problems. Perturbation
and averaging techniques and. graphical methods such as phase-plane diagrams are all
examples. The exira analysis required to implement these techniques results in
greatly reduced computation times as compared to 'brute-force' programming, so
they are sltill generally used as the basis of nonlinear analysis software. In
particular, the princible of 'harmonic balance' is the foundation ot the averaging or
'residual’ techniques, when applied to periodic systems. The solution assumed for
S~ '
such systems can always be expressed as a Fourier series of sinusoids, and the
principle of harmonic balance is that, by adjusting successive harmonic terms in lhe
assumed solution series to satisfy the original equalion, one can reduce the residual
to an arbitrarily smail quantity.

The efficiency of this approach is improved by minimizing the number‘ of
variables to be optimized. The Modified Harmonic Balance (MHB) melhod proposed
by Nakhla and Vlach, [3.2], exploils the fact that the circuits 1o be analyzed are
typically composed of a small nonli.near subgircuit (e.g. a diode junction
capacitance), embedded in a much larger linear subcircuit (such as matching and

biasing networks). Since the linear portion can be efficiently analyzed in the

frequency domain, a great improvement in speed and convergence can be obtained by
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analyzing only the nonlinear portion in the time-domain and interfacing between the
two domains via the Fourier transform, as suggested in Figure 3.1. The gurrent‘s and
voltages at the ports of each subcircuit must be equal. so in this case the residual
functfon g(t) is defined as a measure of the difference Eelween them. The process of
harmonic balance provides a means of self-consistent solution between the sections
by minimizing the residual at each harmonic. The function £(t) can be appropriately

chosen so as to oplimize the circuit response even as it is being calculated, as
illustrated by Guo et. al. in [3.3]. This would entail simultaneous modification of
linear circuit paramelers as well as the circuil response. An additional benefit of
carrying out the analysis of the embedding circuilry in the frequency domain is that

\

the effects of dispersicn in media such as finline may be readily included.

Fast Fourier Transform

4
| (nf) | U
» 1 +— .
LINEAR SUBCIRCUIT \q(nfo)+ 1 + v1(t) NONLINEAR SUBCIRCUIT
- sources T e.g.
- bias circuits 'Qm(VG .VD)
- matching circuits
- m linear subcircuits defined, | . 'QO(VG-VD)
where
m . . -C v, v )
vih= Y v (nf) 1 gs G' D
i=0 I 0 , .ﬁ T
vy sl o+ v
ateach of k ports kK=ol .
[k(nto) |k(1)
—_—

Inverse Fourier Transform
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This method has become one of the most popular lechniques for analyzing

nonlinear circuits, and has been applied 'successfully to the analysis of many GaAsFET

\

circ?(s, including mixers with gain {(Maas, [3.4]), image-reject mixers {Holmes
et.al., [3.5]), amplifiers {(Rhyne and Steer, [3.6]), and dislributed amplilers

(Curtice, [3.7]), as well as mullipliers {Gilmore, [3.8]). In this thesis, il is

applied 1o GaAsFET frequency multipliers to provide insight into the eflecls of

t
various parameters such as bias level and output fundamental termination on

operating efficiency.

Y
3.2 The Modified Harmonic Balance Method

e

The large-signal model used in this work is the one described in Chapter
2, however the actual details of the FET operation are not important in the
implementation of the MHB method, provided that the vollage dependencies of the
ﬂonlinear device elements are adequately described.

Figure 3.2 shows the equivalent FET multiplier circuit, consisting of the
FET and its matching and bias circuitry. Linear FET elements such as the parasilics
introduced by bondwires and contact resistances Ry and Rg are absorbed into the

embedding circuits, leaving the principal nonlinear effects of gM(vG,vD),

go(vG.vD), Cgs(vG,vD)and ng(vG,vD) to characlerize the ‘intrinsic’ FET.

The goal of the analysis is to determine the output voltage wavetorms,

ance the excilation at the fundamental {Vg(t)) and the bias conditions are known. The

- 35



i (mlo)

Ty

f Z
[‘]Zin(m'o) r]ziﬂ““) r] Zipl0) I zougo)[‘fl chg!‘) OU‘mso)
A | r
VG(gl | A )
-y i
U v. —='Gs — v (f
C)Vin(mgo)@) lﬂ( o) T ]_ o o _‘ VDS" Vm(o) Vin(mio)

nonlinear differential equations describing the intrinsic FET are solved using
numerical integration. The linear portions, consisting of input and output embedd.ing
impedances seen at DC, the fundamentall-and its harmonics, are solved in the
frequency domain. The application 'of‘ this algorithm is valid only for stable FET
operation. If the device is potentially unstable, its actual operating point will depend
on initial conditions and will not be unique. The analysis can be carried out by
extension to include any number of harmenics, thus being equally adaptable to xN

frequancy multiplication.

Nonlinear Subgcircuit ’

|i(r§o+ |i(no)f N 1 ' | g . g%%)t %flj)[)

Figure 3.2: Equivalent FET Muyltiplier Circuit (includes m_harmonics)
Note thal the linear networks shown in Figure 3.2 include ideal LC filters
in series with the embedding impedance for each harmonic being considered. This is

equivalent to saying that each spectral component is treated independently during the
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frequency-domain calculations. The loop equations for these nglworks are: '

Vin(nfo) = Zin(nfo)lin{nfo) + Vas(nfo) (3.1)

e
~

Vout(nto) = Zow(nfo)Moulnfo) + Vos(nfo) (3.2)

n=0.123..
v, (nf, ) is the nth harmonig of the input signal, so for the case of pure sinusoidal
excitation vin(nf°)=07~n;t0;/1. VGS(nfO) represents the nth harmonic of the gate-
source vollage waveform at the device terminals, and is generally complex. Zin(nfO)
and Iin(nfo)_are the impedance and current, respectively, seen in the nfy branch of
the input network. Similar notation applies to the quantities in the outpul nelwork,

where initially v_ .(nf)) = 0 for n=0, since onlyﬁbc bias is applied at the drain.

(Boldface type is used to signify frequency-domain quantities).

- it
leét] +IVFI— ‘ . DS]

i . -y
v @ l lan DS()
Rs.

_ Ls . )
- Fiqure 3.3: Nonlinear FET L E ion
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Figure 3.3 shows a more detailed schematic of the intrinsic FET,

illustrating the loops used to derive the differential equations:

vast)+vat)H ial) Riin(t)+at)] -HS+LS§[iD(t)+iG(t)] =0

(3.3)
vosft)+vot)liot)+a(h] -Re+LsSliof+ia(t] = 0 o
-vas(t) + vi{t) +vps{t)=0 (3.5)

Equations 3.1-3.5 form a set of equations in two unknowns, namely the terminal
voltages vas(l) = Vas + Vgs{t) and vps(t) = Vps + vas(t).  Given the initial conditions one
can proceed iteratively, alternating between the 1wo-sels of equations uniil \lhe
voltage waveforms produced by both are the same. Various optimization techniques
may be used to arrive at the correct' series of coefficients for the Fourier series
represeniation of these waves. J

The reflection algorithm used in this work was developed by Kerr, [3.9],
and is one solution which avoids some of the problems inherent in the usual
oplimization techniques: in particular, it does not require assumption of an initiai
trial function, which if improperly chosen can drastically affect convergence.
Lengths of imaginary ideal lossless transmission line are inserted between the linear
and noﬁlinear portions of the circuit. These lines are an integral number of
wavelengths lang and are of characteristic impedance ZCin at the input and ZCout at

the output. Transient analysis is then used lo find the sleady-state operaling

conditions, starting only from the initial excitation.
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v INPUT + + OUTPUT
9 LINEAR Vil T Zy0 2= bl LINEAR
Vag — NETWORK - - NETWORK: = Vs

-

When input signals are applied to the transmission lines from the linear
circuits at t=0, the equivalent circuit is as shown in figure 3.4, prior to the signals

reaching the device terminals. The initial voltage waves incident on the FET

(assuming only Vgs(t}, Vg at the input and Vg at the output) are:

Voi(t) - ' VDS'Zcout _
Zeouwt + Zou!(o) ; {3.6)
VGS'Zcin Zei Y Ilﬂ Z‘n(|‘»)|
vii(t) =( ) cin -COS | ®t-tan ’( UL D .
Zein+Zin0))* [Z0+Rel Zin(nfo)| Pl Zin(no) P Gt RAZi(nll o
INTRINSIC FET
Zcin — — = 7 7 Zeout

2v. (1 2v (1
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(3.8)
The output pout(nfo) is calculated the same way.
t
vir“) Vc'nr()
v INPUT OUTPUT
: INTRI
as i LINEAR [ Fgrsm > LINEAR
Vag = NETWORK NETWORK e
g Te—— I——

On reaching the FET, these incidental waves are used m Equations (3.3)-
(3.5) to solve for the terrﬁiﬁal voltages and currents, with_the tranémission ling
being répresented as a source of inlernal-impedgnge Zc‘ (Figure 3.5). ‘Note that the
differential equations must be integrated over a sufficie-nt number of cycles for
steady stale to be reached. These solutions are in turn propagated back along the
transmission lines as the reflected wavelorms Vor(.t) and v; (1) (Figure 3.6). - Al
the linear input and output networks, these are transformed into the frequency
domain .using the Fast Fourier Transform (FFT). The‘ new incident wave (Vii“)'

.y

Voi“)) is found by multiplying each harmonic of vir(t) and vor(!) by its reflection

coefficient, performing an inverse FFT and adding the result to the previous incident
wave. The reflection coefficient at€the input network is:
Z({nt})- 2z

emy= N2 cin
INO  zZ()+Z.
IN © cin

A - ) Q
in out




.

.

Convergence may be determined in.a number of ways in"either the
N ‘

frenquency or lime-.domain. For example, in his analysis of FET mixers, Maas chooses

a minimal change in FET terminal voltages and currenls as the convergence

(;:’7
criterion. A similar test is used in [3.9], only It is applied in the frequency domain:
i
Zinto) (g,
) z|+1(nfo)

(3.9)

where the superscript indicates the iteration number, € the specified tolerance and
1Y

v (nf)
z __x_ o
TR
x 0 . x=ii,of (3.10)

The two porls may converge at the same lime, but this is not always lhe
case, so the test must be applied"’separalely. «Lhe characteristic impedance of the
transmission lines, (which need not be the same), can affect how rapidly the

equations converge. Choosing Z . and Z s0 as to minimize p. {f Yandp {f )
ci cout in o cul o

n
3

will improve convergence speed.

A listing of the FET frequency muitiplier analysis prograrﬁ written by the

author based on the MHB method is provided in Appendix Il. Initial conditions for vG,
. dig .

VD and 1D and /dt are estimated, based on the expected DC components of the

solulion. The internal drain current iD(O) is then calculated using the instantaneous

expressions as described in Chapter 2:

. . wysc. 3VD
!D (1) = gm(\é; ,vD) vG(t)+go(vG,vd vD(t) +C 45 g1

(3.11)

1

The fundamental period is divided into 128 steps (At = '/ ). (the

1281,
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stepsize was chosen empirically, and depends on the number of harmonics to be

included in the analysis). The voltages and currents are computed using:

.1 j
VF=Cd k:dt .
9 (3.12)
1 7.
VG=E:‘ '[IGdt
g (3.13)
e [%s
dt (3.14)
. di !
v ,i_and G/ are then calculated:
D'F a7
A\ ,
v.=v - Vv_ +R-i
D G F i G (3.15)
_ d )
'+ Coa 7 Yas Vs
{3.16)
deg  ‘es b Gt s
dt L
s (3.17)

iD(l) is found using (3.11} and dID/d‘ is:

di_D, _ 'ID(Al) -i D(0)

dt At

These sleps are repeated 6\% several cycles of the fundamental, until the
initial points in iD(i) are the same for subsequent cycles, indicating that steady state

operation has been reached, (this normally requires 4-5 periods). Figures 3-7 and
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3.8 show results of a sample calculation for a FET operaling near pinch-off (VDS =
1.95V, VGS = -0.5V). In this case convergence at both ports, (defined gccordiﬁg to
(3.9) with £=0.05), is reached after only 3 ilerations. The choice of input drive
level, -lransmission line impedance and terminating: lmpedances all atfect the
stability of the circuit. In general, it is best to slart with a low drive level and run
the simulation several times, increasing the drive level and modifying the
terminations as desired. Program execulion time Is typically not more than 3-4

minutes, so this approach is the most practical way to avoid run-time errors,

-0. 00
-5.20
3rd ltaration
40 2nd Heration
= ist iteration
&
.80 4
-0. B0 A
i
\- ———— Pr— ]
;.00 T T — T ™ - R
0.00 20. 00 40, 00 B80. 00 g0. 00 100. 00 120.00
Tima [(1/128F0)al
!
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.40 A
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200 4 s p e e e e e

0. 00 20. 00 40. 30 60. 60 80. G0 100, 00 120. 00

Time [(1/280F0) el

i 3.8: | ive Solution for vDS(t) Using H ic Bal
Further examples of outputs from the MHB program are presented in the

following chapter to illustrate the effects of teminations and bias point on operation.
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4.9 _Introduction
The expanding use of the millimeter-wave range for radar, communications

and EW systems has placed increasingly stringent requirements on stable, low

phase-noise frequency sources. At frequencies above 18 GHz, fundamental frequency

-3

power generation rapidly becomes moreg difficult, as traditional solid state sources
P

such as Gunn and IMPATT oscillators have relatively low power and poor stability
and lubes (BWQ's, klystrons, elc.) are often physically impractical and unreliable.
R _

Harmonic generation is an alternative in which power is generated by a stable low

.
frequency source and then multiplied up to the required frequency in one or more

.stages. In addition, frequency mullipliers have a number of applications in

synthesizers, phase-locked loops and tracking systems.

Any nonlinear device can be used (lo produce harmonics. Diodes { abrupt-
junclion varactors, Snap-Recovery Diodes, etc.) have long been used, although they
always inlroduce some Ios; Bipolar junction transistors are preferred at lower
frequencies for their stabilly and conversion efficiency, but their poor reverse
isolation restricts their use at frequencies above 4 GHz. The GaAsFET; with its
increased isclation and high gain, is the most promising splid-slate candidate for

frequency multiplication. The firsg%reported FET frequency doubler. (Fan, [4.1]),

illustrated the advantages to be gained with this device, producing +13 dBm of power

4.1
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at 8 GHz with 1 dB gain. Since that time, a number of papers have reporled
improvements and variations on this apptication, including ociave-bandwidth
(Gilmore,[4.2]) and self-oscillating doublers (Rauscher, [4.3]) and operalion at

45 GHz using standard FETs (Saito, [4.4]).

"R ic G .
Any device which exhibils a npnlinear transfer characteristic will generate

harmonics of an applied signal according to the type of nonlinearity. For example, if

the output current, i, is related to the input voltage vi by some arBitrary transfer

function:

then a Taylor series expar&sion of {4.1) gives:

ioft) = f(ﬁ) + £(0)vi(t) + F0)vR + ... + L (0)-v] +

where f‘(vi)=at/avl.and the time-depeﬁdency has been omitted for simplicity. |
|

f(vi) is a linear function, all butl the first two terms.in (4.2) wili be zero but, in
any other case, higher powers of v, will appear at the output. Therefore./oonsidering

Y
the simplest case, in which a tone v(t) = Vcoswl is applied, the series expansion of

i(J becomes:
\ A
ig = f(0) + f'{0)Veos{at) + f*(0)V3coscwt) + ... + F]]If"(O)V”cos"(u)t) fo
iy = 1(0) + F(0)Veos(at) + (0)YZcos(2en) ‘
io = 1(0) + f(0)Vcos + 1"( )?COA wt) + ... (4.30)

4.2
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In general, for every non-zero derivalive, anflavin , aln nth harmonic will
appear at the output. Thus, the relative magnitude of.each component depends not
only on the form of the input, but on the derivatives of the transfer function as well.
The ideal transfer function for xn multiplication would have a strong nth derivative
and zero or minimal derivatives of other orders. A square-law device has anf.'a\,,in =0
for n>2 and so is particularly suitable for frequency doubling, .but not for generating
odd harmonics. Transfer functions with exponential nonlinearilies such as diodes
have an infinilf number of non-zero derivatives, which is why they can be used to
realize any degree of multiplication. The drawback is that very careful design is
required to enhance the desired harmonic without interference from other relatively
strong components. In addition, unwanted harnlonics can mix with the operaling
frequencies at input as well as output, inlerfering destructively and degrading

cipcuit performance.

c G ion with GaAsFET

The FET has four principal nonlinearities which can be eiploited for

-

harmonic generation: 1} the drain output clipping effect caused by either channel
pinchoff or forward conduction through the gate; 2) the transconductance,

gM(vG.vD): 3) the output conductgnce, go(vG,vD')); 4} the gate-channel depletion

capacitance, Cgs(vG,vD)) and ng(vG,vD)). All these effecls are dependent on the

intrinsic voltages Vg and V4 across the internal gale-source and gate-drain
N /'*M‘

junctions. Figure 4.1 shows the variations of C s C

g

qd’ I and 9 under various brlis
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conditlons_ as calculated for a typical GaAsFET (the NECS?S) using t‘he program
described in Chapter 2, with the regions of greatest nonlinearily shaded. The
designer can enhance or minimize these elements by allering the device bias pbini
and the,oufput load. line, so the relali;:e contributions of each effect should be

assessed to determine the oplimum operating conditions.

i
|

[o:]
i
e
t
i
gy

. S —— -
0.00 20.00 40, Co 60. 06 80. 00 100. 00 120.09
. Tima ([(1/128f0) o]

Fl

(MHB Simulation for NEC673 Biased at Vgs=-0.1, Vps=1.95)

4.2.1_Drain G Sliooi

Biasing the device, close 1o pinchoff {Vgs = Vp) or forward conduction (Vgs =

0) causes the output signal to be clipped in the manner suggested in Figure 4.2. The
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Fourier series representation of an ideal reactified sine wave is:

(t)=:c+—sinmtl 2; —"Hcosnmt n=2,46....... ‘ (4.4)
which contains only even-order harmonics. Neglecting all other effects, the second
harmonic is seen to be _2010g(4/3n) or 7.4 dB below the fundamental at the output.
In fact, the actual conversion gain will depend on both the ampilification available
fromn the device at fy and 2f,, and the input voltage developed across Cgs. as well as
the device-circuit interaction discussed in section 4.4. Using Vgg=Vp Is usually
favoured, as it may improve DC-HF‘efficiency and avolds the possibllity of bumihg

out the FET. As Figure 4.1 shows, biasing near Vgg=0 provides greater
[~

transconductance, but biasing near V;Js:Vp provides a smaller value of Cgs- hence a

larger input voltage. Which effec'tdpredominales depends on both the device and the

operating frequency, so it is not surprising that various studies, [4.5-4.7], have

produced different resulls as to the best operating regime.

4.2.2 Tranconductance, gm and Quiput Conductance, go
The contribution of the transconductance g, can be estimated by assuming a
square-law IDS'VGS transfer function as shown in Figure 4.3, {which is based on

measured measured results for a NEC673). As an illustration, the drain cuirent can

be approximated using Curlice's model, [4.8]:

Ips = (Vas-Vp)*| Btanh(jVps - G?/ 03|, |Vas| < Vp
p

L =0 ,|VGS|> Vp (4.6)
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Gp is the measured output conductance and § and w are curve-fitting parameters.
Assuming a constant G ( which is reasonable at large Vgg), and an input signal

VGS(I) = (Vg + Veoswyl), (4.6) may be rewritten:

g

) |
Ips = (vo-vp)+2(v°-vp)'vCosmotA2L(1+cos2coot)] -[Btanh(uV) G ‘QDS
v

‘ p

from which the relative magnitdde of the second harmonic is:

V2
- 4(Vo- Vp)

-0.05

- 0.04

2
vl = -0.03
Curve-Fit: | =0.0284+0.0793V, + 0,035y, :

DS [A]
B Maasured (Y =2.5Y)
s - 0.02

- 0.01

I T T v T T T T T T T 0.00

FIGURE 4.3: Square Law Ips-Vas Characteristic

1]

.
r

Equation {4.7) indicates that operating near pinchoff favors doubling with
g, although the exact contribution of this nonlinearily depends on the magnitudes of

the input, pinchoff and bias voltages. The assumption that dD is constant fora fixed

4
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drain voltage Is not strictly valid, so (4.7) serves only as a guideline.

By biasing at V5= 0, the second harmonic with respecl to the fundamantal at

the output becomes V’4V . In this mode of operation, clipping Is the domihant

p
noniinear effect. The transconductance is significant only for the émpllcalioh it

provides. The output conductance makes some contribution when the drain is Biased

near the 'knee' of the characteristic WDS"’ 0.9 V in Figure 4.1D). However,

on
its own has not been found to be an important factor in mqui/on. due to tha
presence of parasitics, (Willing et.al.,[4.9]}.
4,2.3 Gate-Channel Depletion Capacitance. Cqs and Cqd - 0
The input depletion capacitance Cgs. together with the channel resistance R,
can act as a lossy varaclor. V\Shile abplication of the Manley-Rowe equations,
[4.10]. shovgs that varacto-r muitipliers can theoretically acr‘1ieve 100% conversion
efficiency, using the results developed by Penfield and Rafuse,[4.11], for varactor
multipliers, it can be estimated that a typical submicron FET‘ would produce a
Pourt2f,) 15 to 20 dB below P_ . (f ), (Gopinath and Rankin, [4.12D. These
simulations suggest that the varactor effect could decrease conversion loss by up to 2
dB, but it is generally regarded as a secondary effect during design. The simulated
Cgs(vG.vD) showh in Figure 41A confirms that GaAsFET's do not make good
varactors, as the capacitance does no} display the strong nonlinearity required for

£

i
efficient harmonic generalion. The gate-drain capacitance, Cg’s( shows

YaVp!
somewhal weaker nonlinear behaviour for the particular device shown here. It has

been suggested by Curtice, [4.13], that this is probably due to the greater separalion
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of the gate electrode from the drain as compared to thé,source.
3 Desigi, Considarall

The effect of.internal feedback 'can be pronounced, even in submicron-gate
FETs, parlicularly at millimeter-wave frequencies. This, together with thfa forwérd )
transmission galn, means that circult interactions at both 2fy and fy at input and
output must be considered. The input termination at f, and the output t‘ermination at
‘2f0 are important for the same reason they are in amplifer desis.]n: achféving
maximum power {ransfer through a conjugate match. However the input termination
at 2.f0 and the outpu{ at fo are at least as crucial to the design. ‘ Any poﬂion of the
second harmonic which is féd back 't-hrough the device may be amplified and reflected
back to the output, where it interferes destructively or constructively with the
signal. At high frequencies, the device may not have sufficient gain for this 1o be
significant. How:ever, when enough gain is available, proper choice of input
termination can significantly improve performance, (Rauscher, [4.14]). Self-
oscillatipg doubler.;, have beenl realized by reinforcing internal parasitics with an
external feedback path. Studies such as [4.14] havé shoWn that. device-circuit
interactions at the tw? frequencies are essentiafly independent of each other, which
parmits relatively straightforward design. The main problem lies in realizing
terminations.

At low frequencies, harmonic separation may be done with hrlgh-Q resonant

traps, but there are practical difficulties in achieving this using microstrip or

finline techniques. One solution is the balanced topology shown in Figure 4.4. Since
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the combination point represents a virtual ground at fo 'and_all odd harmonics, any
purely reactive te-rmlnalion required can be presented at the drain simply by
adjusting a length of transmission line. {A method of matching which Is transparent
to th~e even harmonics.) Output matching at 2fy placed beyond this point will
effectivlely bé screened from the fundamental. A FET doubler based on this sort of

approach has been reported by Stancliff, {4.15]. N

INPUT

2f°MalchIng —
Al provides offset opan OUTPUT

186" | E Al provides offset open

Figure 4.4; Balan D ler ﬁf .In
3
The optim.um output termination for the fundamental depends on which
nonlinearity is to be maximized. In virtually ail cases, output clipping is the
predominant effect, i.e. the FET is acting as a half-wavi‘reclifier. Maximum
conversion efficiency is oblained by presenting an open circuit to Io at the output,
(offset by the conjugale of the device output reactance), resulting in the largest
possible voltage swing.l On the other hand, if 9, is being used as the main source of
nonlinearity, a short circuit at the fundamental provides the best termination, E;S

suggested by {4.7). This is supported by simulations run using the MHB program

with a modified FET model. Figure 4.5 shows the effects of output termination at the
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Relative Conversion Efficiency [dB]

- fundamental on two types of multipliers. 1n the first case, the only ndnlinearity was

provided by 9, and, in the second, output clipping. All other factors (input power

leval, other harmonic terminations at input -and output, etc.} were the same for both

runs.
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5, DESIGN AﬁD BEALIZATION OF A GaAsFET FREQUENCY MULTIPLIER
o . .

The 18.75/37.5 GHz frequency doublers designed and tested by the author are
described in this chapter. A number of GaAngT multipliers are rebortecj in the
literature [5.1-5.4], although most of these operate al.lower frequencies and none
'report using finliné (see also Chapter 4 references). As this work was undertaken
as part of a study intc the potential of E-plane media for millimeler-wave
applications, two versions were developed a}w.cli compared: the first was an all-finline
design, using a FET mounting technique developed at C.R.C.; the second combined.
suspended microstrip for the matching circuits with antipodal finline for the
waveguide transitions. (The results and relative’ merit:s of the two appreoaches arec
presenied in Chapler 6}. .
5.1_Finline_Doubl c

A method of achieving stable FET operation in finline developed at CRC by Jean
L'Ecuyer [5.5],was used intthis design. -Two reclangular waveguides (WHR42 input,
~WR22 outpul} are broadwall-coupled via a small {0.030" x 0.040") opening in
which the FET is mounted. A unilateral finline taper is used to transition from the
”input port, concentrating the field in a 0.006" gap al the gate of the device. The
drain is connec.ted across a similar gap which in turn is tapered out to the WR22

-

pori. The source leads of the FET are grounded to the septum dividing the two
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waveguides, which has plated-through holes 1o maintain electrical continuity.
Figure 5.1 shows the circuil layout and Figure 5.2 show a cross-section of the-

circuit Bind housing at the point where the FET is mounted.
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Since it was not possible o characterize the FET directly ‘inrlh'e finline
medium, due to lhg lack of reliable calibration standards, the preliminary matching
was based on a small-signal model developed from the manufacturer's_S-parameters.

An'a'iysis of the unil:;leral finline elemenis was based on a simplified spectral .
domaiﬁ analysié using 'UNIFIN'. This is a program written by the author to calculate
the cutoff frequency and propagation censtant of a symmelrical finline structure
using the standard spectral domain technique. The subroulines used in determining

the power-voltage impedance were developed by_ another student at the University of
Ctlawa,” Solange Monnier. The results are applicat;ié to the aéymmeirical case, as
shown below in figure 5.3, providing the result for Z5 is divided by 2. A listing .of
UNIFIN is provided in Appendix 1l

a - waveguide width

| I

w - actual gap

haight entered in
program

{ width
b - actual l
height )
f gap width
) entered in
t program
| ™~
3 /
d - substrate thickness
Figure 5.3: Adapling UNIFIN to Asymmetrical

L8
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It seemed advantageous to keep the input.and oulput-gaps as narrow a'é
possible.l since they had to be spanned by the device bondwires. A width of 0.006"
was'chose.n for the input, corresponding to an impedance of TTQ at 5 and 82Q at 2f,.
The outbut gap (in WR22) was 0.005", 'or 9002 at f, and 84Q al 2f,. Lower
impedance levels 'Would have been desirable, but required impractically narrow p
gaps. .

The design is particularly sensitive to bias circuit response: the bias network
should provide loss a! lower frequencies to damp any instability in the FET (the
NEC673 is potentially unstable up to about 14 GHz), bul alslo be transparent at the
design frequencies so as not to degrade performance. A preliminary doubler circuit
was measured over a variety of bias conditions and’"showed that, in these conditions,
Vgg=0 provided the best operating pbint. The gate bias circuit was thus excluded

1

from th:é final design, and the input was left DC-coupled to ground.

‘MICROSTRIP &y

R TTT]

COPLANAR ) N
LINE

T

~ Figure 5.4: Cl f Bi ircui
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The drain bias circuit uses the si'éndard guarterwave open-circuit stub to
;Sresant an open in shunt with the device. However in this case the's{ub. which is
microstrip, must be transformed through slotline and coplanar line tio maintain BC
isolation from the fin, as seaen in figure 5.4. The coplanar section is designed to be

A/2 long, so the short seen al the waveguide wall is transiated to the input of the
!

drain circuit, providing continuity along the fin gap. The electrical characteristics

for each line type were optimized on SUPERCOMPACT™ and then translated into

physical parameters.

The topology of the finline circuit restricted the type and placement of
malching elements available. Figure 5.5 illustrates some of the possibilites:(1
terminating .the gap across which the device is connected creates a shunt short-
circuit stub; Burlon and Hoefer, [5.6], have shown thal‘ a a series short-circuit stub
is created by an abrupt, large increase in gap width, provided the step width is
narrow (< 0.11); if the step is a significant fraction of a wavelength long or is not

much greater than the original gap width, the effect is just of an impedance step, and

can be used for quarterwave transformers.

Z3

Drain
Z3

¢

l—
//SOU;B/ I ;[F:ET]Q %’ z2 Z&H \

21

L

Z1 1

Gate

Fiqure 5.5: Finline Matching Flements
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The components required in this design include two waveguide to micrastrip

transitions, input and output matching circuitry and bias circuits. The development

Ve .

and integration of these elements onto a 0.870"x3.000" Duroid substrate Is detalled

below, together with a description of the housing. A photograph of the completed

.

doubler is shown in figure 5.6.

521 Transitions k

The use of an integrated transition has several advantgges. particularly for
high—frequ‘ency applications. It requires no machi_ﬁiﬁ'g or elaborate housing. whose
. lolerances can be difficult and expensive to maiﬁlain for the small dimensions needed
al 37.5 GHz. By employing antipodal finline transitions, the circuit layout could be

made ‘in-line', i.e. with the waveguides end-coupled as opposed to broadside-coupled.

This simplified both housing and circuil layout. In addition, results reported for
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such transitions, [5.7-5.8), indicate that they provide good return and transmission

loss.

Antipodal finfine is used to gradually rotate the E-field through 90 degrees,

simultaneously concentraling it into the overlapping region of the two fins, which

provide a balanced transmission line. A balun section permits the field to Iransition

to the unbalanced microstrip section.

Figure 5.7 illustrales these various areas of

the transition, together with cross-sections which show the field distributions.
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The microstrip Iin_e (E-E) was chosen to 50 Q, as this Is a standard value for
matching " The effect of the Iowet_' half of the waveguide Is negligible, due to the
presence of the ground-plane\;"Propagation through the waveguide in this region Is
inhibited, sinc_:e the cutoff frequency in the lower half at the output is 53 GHz.

The balun section (D-D) must provide the transllion\ between am”
asymmetrical structure {microstrip) to a symmaelricai structure (ithe balanced line
C-C). Two quarterwave shorlcircuited stubs present an open-circuit at the ground
plane discontinuity. An in-house computer program (‘GPLINES’) was used to
characterize the coplanar line: the gaps were made 0.010" wide, corresponding 10I
50Q. The input stubs were 0.150" long (A/4 al fy) and the output, 0.075", (A/4 at
2f5). ' &

The impedance of the balanced transmission line {C-C} is chosen so as to
m@lch the microstrip, and is approximated by considering its capacitance per unit
length, neglecting field fringing and enclosure effects, (Mizuno et.al. [5.8]). For
an impedanceq‘of 50 Q on 0.010" RT-Duroid, (e; = 2.22), the corresponding ling
width is 0.050". The balanced line was made one wavelength long to provide e!d,equale
separalion between the ground-plane discontinuily and the transition 1aperé.

The input and cutput tapers create a gradual transition fram the b dimension
of the empty waveguides to the 0.050" balanced line sections. This is ac;:omplished

over 1.5 wavelengths, using an exponential taper profile. The taper should be as

short as possible, while maintaining low mismatch reflections. The exponential
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laper is calculated using

Al

2

Yo

.
»
[- e}

where x_, y, are the terminal point of the taper'and B defines the taper profile. *The
values selected for B were 3 and 2.5 for the outer and inner tapers, respectively.
P!)alted-throﬁgh holes are used t{o ensure continuily in the broad wall of the
waveguide, where the substrate is clamped. As the field becomes concentrated
between the two fins, electrical conlac;t no longer needs to be maintained with the
walls, (permitting the use of the balanced line struclure). The concentration of the
field in the center of the waveguide means thal fewer plated-through holes are
required 1o prevent radiation loss in section B, C, D and E, reducing fabrication
costs.

The back-to-back transitions as illusirated in Figure 5.8 were fabricated and
measured for both the WR22 and WR42 (:!irnensions. The results are given in

Chapter 6. ~

k|
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5.2.2 Matchi | Bias Clrcu
Estimated S-parameters from the FET model predicted that the iﬁput match at

fo could be done using an open-circult stub. Initial values were obtalned using a

Smith Chart and the results from the small-signal model at 18.75 GHz. Since

microstrip was being used, a SUPERCOMPACT optimization was done 1o calcuiate

bl

final values, taking intoe account substrate parameters and discontinuity effecls. The

. consgtraint on housing width (WR42) made it necessary 1o use a lowar impedance

stub (30 ©) , so that it would be short enough to fit. The outpu.\malch at the second
harmonic was done using a low-impedance quarterwave transfolrmer.

Since preliminary results for the first doubler had shown that the best
efficiency was obtained when V.o = 0, this doubler was designed for the same
operating point.  Accordingly, the input was Iéft DC—doupIad to the waveguide wall,
The drain bias circuit was of the standard lype: an open-circuit stub, transformed
through a 3/4 A high-impedance line causes the bias network to be transparent al
2f5. A s‘eries RC branch is connected in parallel to the stub to provide loss at lower
frequencies, in the region of potential instability for the FET. A 0.3 pF capacitor was
used for DC blocking on the output line. 9

The bias circuit must be introduced in the circuit so as to have minimal effect

a)/_-tﬁe\l@quencies of interest, while presenting lossy termination to lower

.,
Jrequencies. The optimum was location for the bias circuit was found using

-

SUPERCOMPACT™. Varying the position of the junction has a significant effect on

R
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outpul peformance. In this casé. the bias branch was placed 0.071" from the drain
(0.20A% at_ fo)-

The hm;sinb required for this design was straightforward, consisting of
WR42 waveguide at the input with a step transistion to WR22 the outpul port. The
step in width occurs in the microslrip portion of the circuit, so it has minimal effect
on operatlon. As ln the first design, fundamental rejection at the output is achieved
without filtering by the waveguige beyond cutoff. |

During testing, the top half of the housing was made with a removable
portion which exposed the area around the FET for tuning, but left the finline
transitions uncoveraed. Thus adjustments could be made with very little disturbance

-

to circuit operation. Figure 5.9 shows a closeup of the FET mounted in the circuit.
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6.0 Introduction

Aftar fabric—ation, the input and output return foss for each doubler was
measured. Due te variations in the FET mounting technique as compared 1o the device
model, tuning was required, after which the circuits were remeasured. Th-e drain
bias and maich at fo were adjusted for minimum conversion loss. The signal power
transfer characteristic was measured, as was conversion loss over a range of input

: N
frequencies and power levels.

Finline Dout Perf
The conversion loss (Pin[fo]:Pom_[ZfO]) was initially measured at about 13 -
14 dB. Tuning was done through a window in the narrow wall of the waveguide
located above the FET. Removal of the window cover had liltle effect on circuil
response because at that point in the circuit the energy is largely concentrated
between the fins in the centre of the quide. The lengths of the short-circuil stubs and -
1
the impedance step sections were altered using small tabs of 0.010\': Kovar, thus
modifying circuit performance. Doubler performance before and after tuning is

shown in Figure 6.1. Frequency response and input return loss are plotted in

Figures 6.2 and 6.3, respectively.
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The antipodal finline transitions described in section 5.2.1 were measured

separately, {in the back-lo-back configuration as shown in Figure 5.8), for return

and transmisslon loss. The results for the WR42 transition are dépicled in Figurés™

. o : .
6.4 and 6.5. |t was found by experimenting w?th the length of the balun ground plane

slots that the calculated value of 0.150% produced the best input match. The'

measured S, and .821 for the WR22 transition are &hown’in Figure 6.5. In. both

o

.cases, the lransitions exhibnéd satisfactorily low loss,i particularly at "'37.5 GHz.

w%anhpodal microstrip transition thus seems lo be a S|mple easily-designed

aliernal:ve for realls:ng wavegunde compatlble componenlb for high-frequency

- . L

. applications. .. : @/
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§.2.2 Input and Quiput Maich
- 4 \‘
When the assembled multiplier was measured,the input match was found to.t_
occur al 16.2 GHz inslead of the design frequency. This was due 1o the method of \
0 " . .
mounting the FET : the devicé surface is 0.006" above the substrate, resulting in
Idops in the bondwires which increase their inductance. In addition, this technique
. " ’
urequired longer bondwires than had been expected. A Kovar tab was used at the input
A
to tune out this effect. Figure 6.8 is a comparison of the results before and after !
{uning.
' , ‘ J
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6.2.3 Conversion Loss

Ther conversion loss as a function of input power at 18.75 GHz and of

+

]
frequency was measured. The resulls prior to tuning were no better than 11 dB loss.

However, it proved relatively easy to adjust circuit performance by removing a

-

portion of the housing and using a small chip of Kovar. The junction of the bias

circuit and the output line proved 1o be particularly sensilive, indicating
"\, - ”
.« insufficient rejectiop-al 2fy. The results before and after tuning (Figure 6.3) show

the response to be narrowband {5.80 dB */, 0.15  across 350 MHz) and centred

¥
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about 150 MHz below the design frequency. Figure 6.10 shows the output power at

2fo as a function of the input power at\‘f'o. The doubler was\fdriven with the maximum

available power at 18.75 GHz {15 dBm) without going into saturation, indicating

that_even higher output power levels could be obtained with a suitable source.
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.3 Discussion an nclusion (

The microstrip/finline design demonstrated less loss (5.8 dB vs. 9 dB) ,

more bandwi(‘jlh and higher output power‘(8.5 dBm vs.:4.5 dBm) than the all finline

circuit. This is primarily due to the flexibility in funing, permitting any changes
B |

required to optimize performance o be readily implemented.

The results obtained for the microstrip/finline doubler supported the FET '

model used, once the actual bonding conditions were taken into account. However the

final finline circuit does not corroborate the smali-signal mode! initially used in its
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design. Any further finline work using FETs should be preceded by the development
. ! , -

~ of calibration standards which can be used to charadterize the device in this médium.

The Through-Line-Reflect procedure mentioned in Chap.terr4 would be a good method

o apply in tﬁis case, since_ it does not require loads, and p‘rovides accurate de-

er.nbedding.

The use of FETs in finline is seen to be somewhal probiematic, due to

difficulties with stability, impedance levels and matching flexibility. The question of

>
&

stability, caused by the arbftrary impedance presented at low frequencies by the
waveguide beyond culeff, can be solved by using -a broadside-coupled housing,
however th.e other problems are less tractable. In view of the fact that finline FET
designs are largely empirical until the device can be modeled™¥m sity, it is important
that the final circuit can be fine-tuned in the lab to optimize performance. However
adjusting the finline doubler, although possible, was limited by the topology of the
circuit, i.e tuning stubs are easily shortened butl are difficult to ieﬁgthen and
impossible to relocate. The impeciance levels required for FET matching are low
enough to require impractically small feature sizes, which further Mimits the
tunabilily of the structures. This is reflected in the low output power obta;ned from
the ‘all-finline doubler, indiéaling sub-optimum outbul-rﬁatch at 2f,.

The microstrip/finline doubler offered more flexibility both in terms of the
malching and tuning.” In addition, it relained the advantages of finline's E-plane
configuration, providing waveguide compatibility and relatively rélaxed dimensional

lolerances.
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7.0_Conclusions

The objectiveé of this thesis were twofold: 1c; imple'menl a large-signal
model for the GaAsFET which would be readily obtainablé using automated RF '
measurements, demonstrating its use in a nonlinear analysis simulation; to dasign
and demonstrate a 18.75/37.5 GHz FET freque-ncy doubler in E-plané technology.

THe programs written for FET. model parameter extraction provide an
accuratle and rapid means of characterizing devices over their entire operating range.
It was shown that the model, based on S-parameters measured up 1o 10 GHz, could be ‘
extrapolatled at least up lo 18 GHz with acceptable resulls. While the programs are
simple to execute, they do require some insight to determine the valid range of gate
bias (for parasilic extraciion)ld and frequency (for the intrinsic para'rpef,‘ers) over
which to take measurements. l’Anlimprovemeht could be made by quantifying these

~J .

restrictions more precisely to reduce uncertainty in the model.

The harmonic balance program written for use with the nonlinear FET
mode!l provides a basic analysis of the frequency rnﬁllipler circuit with a relatively
quick execution time, (due to its simplicity). This implementation could be upgraded

by the addition of an optimization routine and more generalized input/output

procedures. However, it served its primary purposes, which~were 1o demonstrate

4
how the FET mode! could be integrated into an analysis program and to be a leaming -

tool for understanding FET multipliers. 'MHB' has been syperseded at C.R.C..by the
" w '
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advent of Libra™, so no further work wiil be done on this program.

Two frequency doublers were demonstrated, and illusiraled both the
advantages and disadvantages of E-plane technology. The all-finline design was
hampered by lack of a reliable FET model and i"nabiliiy to correct .for the error this
crealed after fabrication, (i.e. no 'tunabili'ty'). This cc;uld be parlly corrected by
characterizing the FET directly in the finline environment using the Through-Line-
Reflect calibration technique and the programs described)in Chapter 2, however the
basic inflexibility of this medium limits its usefulﬁ n this application to those
cases where planar integration is a must,

The microstrip/finline doubler demonstrated ggod .performance,
particularly in terms of output power. Il exhibited the low-cost tabrication,
waveguide compalibility and ruggedness associated with E-plane technology. A
possible improvement in this component would be 'to increase the bandwidth by using
a balanced lopolqu,' perhaps by exploiting the balanced line structure already

=
present at the input.
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PROGRAM EXTPAR(input,output);

‘:»

{ This program determines the axtrinsic parameters of a GaAsFET (Rs,Rd,Rg, -
L& Ld,1g) based on low-frequency S-parameter measuremenits mads over a rangae of
gata voltages, Vg, with Vds=0. The approach used is based on a paper by

iamand, “Measurement of the Extrinsic Series Elements of a Microwave MESFET
Undar Zero Current Conditions™, Proc. 12th EuMC, pp.451-456, 1982.

Measuraments are made on tha HP8510, using the program "PARFET", The pro-
gram requires prior knowlaedge of device pinch-off voltage, Vp, and built-in
Schottky barrler potential, phi. The RF measurements should ba mada ovar
at least 10-12 frequency points (PARFET outputs 25 points), and should
not excead 12GHz. The gate bias should ba maintainad above pinchoff, i.e.
1-{(-Vg+phi¥(Vp+phi)}*0.5 > 0.20

The program inputs S-parameters at 51 frequency points for up to 40 values
of bias.}

S ——— mmnmmnn e )

CONST
pi = 3.141592654;
max_bias = 40;

fregq=25; - .
total = 1000;  {total = num_freq*max_bias)
TYPE
complex = array [1..2] of real;

data_array = array [1..total,1..4] of complex;
L _results = array[1..freq,1..3] of real;

R_results = array {1..2] of real;
vector = array {1..freq) of real;

VAR .

"Ls,ldlg: - L results:
Rs,Rd,Rg: R_results;
phl Vp,Va: real;

€ conditions: array[1..total,1..2] of real;

Params: data_array,;
num_bias,pointer,
num_freq: integer;
ona: complex; .
filename: string[12];
out_data,in_data: taxt;
name,comment: string[BO);
zero_drain,flag: boolean;

(8| CMPLX.PAS})

{=== T s 1101 oS== :m::nn=======a===nu==n=u==--’-=---l

PROCEDURE gat_i mput
EIETm. = o o oREEe ---}
| This procedure inputs lha name of the S-parameter data file and the values
of phi and Vp, which must ba known betorehand. The gate voltage and frequency
tor each point are raad into the array ‘conditions’. The S-parameters ara read
into complex array 'Params’, (In order $11,521,512,522.)}

VAR
header; string[4];
info,vd,Vg_limit: real; ‘
datum: complex; ' . '
index1,index2,index3: integer;
title: stringf80];
BEGIN
clrser;

zaro_drain ;= trus;

Al1



flag := falsa;-
onefl] i« 1; .
one|2] := 0; .
writeln(’ EXTPAR - FET Extrinsic Parameter Calculation’);
Wrﬂel[‘l - - “-_F‘-');
writeln; .
writeIn({'Value of built-in barrier, phi > V)
writeln{'Valus of pincholf voltage, Vp > V)
writeln(Enter input data filsnamae >
WRITELN{'Number of frequencias measured >');
gotoxy{42,4);  read{phl);
gotoxy(42,5);  read(Vp);
gotoxy({42,6); read{filename};
gotoxy(42,7);  readin{num_{req);
assign{In_data filenama);
{$)-} raset{in_data); {$!+}
if I0rasulit=0 thoan
begin
flag = true;
if Vp<0 then Vp:=-Vp;
if phi<0 then phi = -phi;
Vg_limit ;= 0.64"{Vp+phi)-phi;
writeln{’Limits for gate bias Vgs are -, Vg_limit:6:3," to *,phi:6:3,' V.");
readin{in_data,name); read!n{in_data,comment); .
readin(in_data,num_bias); .
for index1 ;= 1 1o num_bias do
begin
readin{in_data,header,Vg);
if (abs{Vg)>Vg_limit) or (Vg>phi) then
writaIn(WARNING; Vg«'V:8:4,' exceeds valid Vg range.');
readin{in_data,header,Vd); ’
if Vd < 0 then v
begin : )
writeln{input data invalid. Non-zero drain bias voltage (Vds=',Vd:5:2,));
zaro_drain ;= false;
end; - -
readin(in_datatitle); '
for index2 = 1 to num_freq do
begin
pointer ;= (index1-1)"num_freq+index2;
conditions[pointer,1] ;= Vg; {
read(in_data,info);
conditions[pointer,2] := info;
for index3 = 1104 do
begin
read(In_data,info);
datum[1] = inlp;
read(in_data,info);
datum(2] := info;
Params|[pointer,index3] := datum;
end;
readin{in_data);
and;
end;
and . :
olse writaln('File not found.");
END;

PROCEDURE convert_to_Z;

{---— = .-..-.-.....==}
{ This pro¢edure translates the S-parameters in 'Params', which are in [RI]

format, into Z-parameters and re-stores the results. The complax arithmetic

routines usad are frem the include-file '"CMPLX'. The characterislic impedances
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at input and oulput Z01 and Z02, are assumed to be 50fohms, but can ba
changed.}
VAR

Z01,Z02: complex; {Charactaristic impedances})
D: complex; {Convarsion iactor}
ab,cp: complax; {Dummy variables for complex operations}
$11,521,512,522: complex;
index; integer;
_BEGIN

Z01[1] == 50; Z01[2) := 0; { Change charactaristic impedance here.}
Z02(1] = 50; Z02[2] := 0;

for index ;= 1 to pointer do

begin

S11 := Paramsfindex,1];

521 := Params[index,2};

S$12 = Params[index,3};

522 := Paramsfindex,4); -
{**=* Calculate expression for ‘D', the common denominator.} ~
csub{one,511,bY;
csub{one,522,c);
cmult{b,c,a);
emult{S21,512,p);
csub(a,p,D); .

“***  Calculate Z11 and store.}
cadd{one,511,b};
csub(one,522,c);

cmult(b,c,a);

cadd(a,p,c);

cdivic,D,a);
cmuit{Z01,a,Paramslindex,1]);

{**** Calculate Z22.}

csub{one,511.b});
cadd(one,S22,c);
cmult(b,c,a);
cadd{a,p.c);
ediv{c,D,a);

< emult{Z02,a,Paramsfindex,4});

{**** Calculale 221.}

cdiv(S21,D,a);

a[1] == 2*a(1];

al2)] = 2*a[2];

cmult{Z01,a, Params[mdex 2 Y
{**** Caleylate Z12.} :

cdiv(S12,D,a);

a[1] = 2 a[1];

a[2] := 2*al2];

cmult(Z02,a, Params[mdex 3));

endy
END;

——

PROCEDURE variance( S: real; var sigma_S: vector);

{ A procedure to determine the variance over frequency of the various access

elements calculated in ‘extract_L" and ‘extra . This is intended to give
a rough guideline on the reliability fo the results.}
VAR
sum_S:  real; ’
index: integer;
BEGIN | .
sum_S =07 !

for index = 1 to num_freq do a{’

S——
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.//J%&z,xm.xm,omaga: ReAL? -
4 datum complex;

A

f-\

begin
sum_S := sum_S+sgr(sigma_S[index]-S);
end;
sigma_S([1] := sum_S/num_fraq;
END;

PROCEDURE intercept(DATA: L_results; NUM PT: INTEGER; varMmlercept real);

[ ot =mm ugs}
{ This procedure finds the y-imercept of the |nput dataset DATA using linear

ragrassion: .

. Yo X+ (<y>-max>) (< denoles mean valus) %

S{x-<c)y-<y>) .
M m —-wmr—cae-s . (S denotes sum over frequancies)
S (x-<x>)"2

} '

VAR
y x.numegdenom: real;
index: integer;

BEGIN
X = 0;
y = 0; -
numer ;= 0;
denom = 0;
for Index = 1 to num_pt do
begin
x = x+data[index,1];
y = y+datafindex,2];
ond; .
X ‘= X/num_pt; -,
y = y/num_pt;
forindex := 1 to num_pt do
begin
- numer := numer+{datafindex, 1] xg {(data[index,2)-y};
denom := denom4+sqr{datalindex, 13-x};
end;
m ;= Aumer/denom;
intarcept (= y-m*x;
END; &

-

PROCEDURE extract_L;

- = S S =========}
[ This procedura’calculates the parasitic lead inductances at sourcs, drain and

gate: Ls,Ld and Lg. Following the analysis gjven by Diamand:

Ls = 0.5*(X12+X21)/omega X
Ld = (X22/omega) - Ls

(X11*omega-X11"omega’) .
Lgm I B Ls -
(omsga"quega"Q) ‘ - ™~

The results are stored into matrices (Ls' Ld"and 'Lg".

The standard deviation of Ls and Ld dver frequency is also 1ound and
stored in Lx[3], x=5,d.}

sigma_Lsfsigma_Ld,sigma_Lg: vector;

—~s
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index1,index2,count; integer;

omega_p,X11_p: real;
BEGIN :

for index1 := 110 num_bias do

begin

Ls[index1,1]:=0;  Lsfindax1,2] :=0;  Ls[index1,3] = 0; g
Ldfindex1,1] .= 0;  Ldlindex1,2]= 0; Ld[index1,3] 1 O;
Lofindexi,1}:=0; Lg[index1,2]:=0;  Lg[index1,3] := 0;
for Index2 := 1 ta num_{req do =
in
count ;= {index1-1)"num_{req+index2;
omega = 2*pl*‘condilionscount,2];
datum := Params[count,2]; |
X21 = datum{2}; -
datum ;= Params[count,3];
X12 = datum[2];
datum = B

; fa
X11 = datum[2);
sigma_Lslindex2] = 0.5°{X12+X21)/omaga;
sigma_Ld[index2] := (X22/omega)-sigmd_Ls[index2T™
if index2>1 then
begin - %
datum := Paramsfcount-1,1];
X11_p = datum[2];
omgga_p = 2°pi‘conditions[count-1,2];
sigma_Lglindex2] :=(X11_p*omega_p-X11*omega)/(sqr(omaga_p)-sqrfomega))
- sigma_Ls{index2];
end;

Ls[index1,1] := Lsfindex1,1}+sigma_Ls[jndex2);
Ldlindex1,1] := Ld{index1,1}+sigma_Ld({Index2];
Lglindex1,1] := Lg[index1,1]+sigma_Lg[index2];
and; ‘ .
Lsfindex1,1] := Ls[index1,1}/num_{req;
Ld[index1,1] = Ld[index1,1)/num_freq.
Lgfindex1,1] == Lglindex1,1}/{num_{reg-1);
variance{Ls{index1,1],sigma_Ls);
variance(Ld[ingdex1,1},sigma_Ld);
varianca(Lg[index1,1],sigma_La};
Ls[index1,2] := conditions{count,1];
. Ld[index1,2] := conditions[count,1];
_ Lg[index1,2] :« canditions[count,1};
Ls{index1,3] :=~ sqrt{sigma_Ls[1]); C
Ldlindex1,3] := sqrt{sigma_ Ld[1])-Ls(index ;3] .
Lg[index1,3] := sqri{sigma_Lg{1]}-Ls[index1,3];
and; '
END;

PROCEDURE extract_R; i
{ This procedure calculates the parasitic resistances by finding the

y-intarcept of the plots of the real parts of the Z-matrix against the inverse” ™ —-.
normalized channel opening, *b_a". R11 vs. b_a gives Rs+Rd, R22 vs. b_a gives
Rg+Rs and 0.5"(R21+R12) vs. b_a gives Rs. This approach assumes a flat
doping profile. Resuls are stored in the vectors Rs,Ad and Rg, together

with standard deviation over frequency. A file of the R-matrix values vs. the
inverse of the normalized channsl opening is output, as this can be usefuifar .
graphing variation over fraquency - the file is called ‘R_MATRIX.OUT"}

VAR

~
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R11,R21,R22: L_results; _
sigma_| Fls ,slgma_Rd,sigma_Rg:  vector; -
b_a,SLOPE_RG,SLCPE_RD,SLOPE_RS: raal;

index1,index2,count: intagar;
datum:- complex; . !
R_out: text;

BEGIN ’

. Rs[1] := 0; Rs[2] 1w 0;
Fld[1] - 0: Hd[2] :- 0.;
asmgn(ﬁ oul 'R_ MATRIX. ouTy);.
rewrite(R_ out), )

© writeln(R_out,’ R Matrix vs. Inverse of Normalized Channsl Opaning');
writaln(R_out,’ - > D
for Irﬁdeﬂ = 1 tg num_{reqg do

o7

wma'ln(R out,conditions[index1,2]*1e-9:8:4, GHz");
writaln(R_out,’ 1/(B/A) -R11 R21 R22Y;
writaln(R_out,’ ——- - - -
for index@ := 1 to num_bias do
begin ’
count '={index2-1} num_fraq+index1;
b_a = 1-sqrt{(-1"conditions[count,1])+phi)/{Vp+phi});
datum := Params[count,1;
- R11{index2,1] := 1/b_a; R11[index2,2] := datumf1}];
daum = Params{count,2];
* R21[index2,1] := 1/b_a; R21[index2,2] := datum[1];
datum 1= Params{count,3];
R21[index%2,2] := 0.5*(datum]11+R21[index2,2]);
datum = Params{count,4];
R22[index2,1] ;= 1/b_a; R22[index2,2] := datum[1];

writeln(R_out,’  *1/b_a8:4,’ 'R11[index2 2):8:4 *R21i[index2,2]:8:4,’

end;
|mercept(R21 num_bias,slope_Rs 5|gma Rs[INDEX1])
intercept(R22,num_bias,slope_Rd,sigma_Rd[index1]);
intercept{R11 .num__bias,slope_Rg,sigma_Hg[index1]);
sigma_Rd[indéx1) ;= sigma_Rd[index1]-sigma_Rs{indax1];
sigma_Rglindex1] = sigma_Rg[index1]}-sigma_Rs[index1];
Rs[1] ;= Rs[1]+sigma_Rs{index1};
Rd[1] := Rd[1]+sigma_Rd[index1];
Rg[1] := Rg[1]+sigma_Rg[index1];
end;
As[1] := Rs[1)/num_freq;
Rd[1} := Rd[1}num_freq;
Rg[1] := Rg[t¥num_fraq;
variance{Rs[1},sigma_Rs); Q\-\J
variance{Rd[1],sigma_Rd); :
variance{Rg[1],sigma_Rg); o8
Rs{2] := sqrt(sigma_Rs[1]);
Rd[2] := sqri{sigma_Rd[1}};
Rg(2] := sqrt{sigma_Rg[1]);
close{R_out), -
END;

PROCEDURE output;

~—

' R22[index2,2}:8:4);

{uaunuﬂﬂuﬂ-----uuuauuuauuuu===uu===========u=—-u--u-u-s-nuu-nuunu--n--------ﬂ

VAR
index: intager;
lina; string(80];

BEGIN

H - 1 .
lina = an = S T S 1 R e TR



writeln;  writeln(line);
writaln{'Calculations completed.’);
‘write!n('Enter oulput data filaname >
write((Older verslons will be overwritten.)}; -
gotoxy(42,12); readin{filaname); gotoxy(1,13); -
asslgn(out_data,filename);
rewrite(out_data); .
writeln{out_data,name); writeln{out_data,commaent};
WRITELN{OUT_DATA,'FHI: ' PHIE8:4,' V'),
WRITELN(QUT_DATA,'Vp : " VP:8:3,' V);
write{out_data,"SIGMA" ~ parameter variance over "conditions[1,2]*1E-9:6:2);
writaln{out_data,’-",conditions[num_{req,2]"1E-9:6:2,' GHz.";
writaln{out_data line); writaln(out_data); ,
writaln{out_data,'Extrinslc Resistances {uniis are ochms};); writaln{out_data,line);
writaln(out_data,’ PARAMETER VALUE  SIGMA"); writeln{out_data,line);
write(out_data,’ Rs '); write(out_data,' ' Rs[1]:5:2,' '};
writeln{out_data,' 'Rs[2]:6:3, ");
write{out_data,’ Rd '); write{out_data,’ ‘Rd[1]:5:2" ')
writaln{oul_data,' 'Rd[2):6:3," *); .
write(out_data,’ Rg "); write(out_data,’ ‘' Rg{1]:5:2' ')
writeln(out_data,' 'Rg[2):6:3," *);
_writeln{out_data,line); writaln{out_data); writaln(out_data);
writeIn{out_data,'Extrinsic Inductances {units ara nanochenries}'}; -riteln{out_data,line);
wrheln(out_daté.' Vg Ls SIGMA(Ls) Ld SIGMA{Ld) Lg %
writeln(out_data line);
for index := 1 to num_bias do
begin
write(out_data,’ 'Ls[index,2]:6:3' ‘Ls[index,1]"169:6:3," ‘Ls[index,3]*'1e9:6:4);
writa(cut_data,’ ‘'Ld[index,1]"1e9:6:3," ' Ld{index,3}"1e9:6:4); :
writaln{out_data,” ' Lg[index,1]"1e9:6:3,” °.Lg[index,3]*189:6:4});
end; :
writeln{out_data,ling); .
close{out_data);
END;
{ MAIN PROGRAM }

BEGIN
zero_drain = true;
get_input;
i (zero_drain = true) and (ilag=true) then
begin
convert_to_Z;
axtract_L;
extract_R;
output;
end;
- END.
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PROGRAM INTPAR(inpm.output);

{ o

{ This program determines the intrinsic parameters of a GaAsFET (Cgd,Cgs,Cds,
Ri,gm,gd, tau) based on low- iraquency S-parameter measuraments made ovaer a range
of bias paints:The agproach usad is based on a paper by R.A. Minasian, -
“Simplitied GaAs MESFET Modelto 10 GHz", Elect. Lett.,Vol.13,No.8,pp. 549-551
September 1, 1977.

Msasuraments aré made on the HP8510, using the program "PARFET". The pro-
gram requires prior knowledge of device access elements Rs,Rd,Rg,Ls,Ld,and Lg,
which are obtalnad using program "EXTPAR™. The RF measurements should ba made
over tha 100 MHz - 4 GHz rangs, using a maximum of 20 bias points. If more
bias poirts are required, PARFET and EXTB_‘AH must ba run sevaral times conséc-
utively, (due to memory restrictions).} )

o - — AP

CONST

pi  =3.141592654;

max_bias = 40;

freq = 25;

total = 1000; s

TYPE

complex =aray [1..2] of real;
data_array = array [1..1otal,1..4]  of complex;
results = array [1..max_bias,1..2] of real;
vactor = array [1..freq]  of real;

VAR

Params: data_aray; ’
Cgd,Cys,Cds,gm,gd,Ritau: rasults;
Rs,Ad,Rg,Ls,Ld,Lg: roal;

fraguencies: array [1..freq)] of real;
voltages: array [1..max_hias,1..2] of real:
num_bias,pointer,num_freq: integer;

out_da1a in_data: text;
. filename: s:ring[121; '

name,commaent; string[80];

ONE; COMPLEX,;

{3 CMPLX.PAS}

S —————

PROCEDURE get_input;

[ o e o i mmmmmmm e )
{ This procadure inputs the values of the extrinsic parametars Rs,Rd,Rg,Ls,Ld,

and Lg, which must be known beforehand, as well as the name of the data fila

containing the S-paramseters, The bias voltages for each point are read into

the arrdy ‘voltages’and the frequency, into ‘conditians’. The S-parameters are

read into complex array 'S_params'. {|n order 511,521,12,522.)}

VAR
header: string{4};
index1,index2,index3: integer;
info,Vg,Vd: real;
datum: complex;
title: string[80];
BEGIN ’
clrser;
ONE[1]:=1;
ONE[2]:=0; .
writeln; =

writeln{'Please enter the iollowmg extnnsm parameters {oblained by');
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writeIn('running EXTPAR) In ohms and nanchenries:); - . N
writaln( Sourcs resistance, Rs>%;
- writeln{' Drain resistance, Rd >";
writaln({' Gate registance, Rg>7:
writeln{’ - Souce inductanca, Ls>%; .
writeln(' =~ Drain indudtance, Ld>%;
writaln(' Gate inductance, Lg>";
writeIn{’ Nama of Input data file »%;:

writeln{' Number of frequencies maasured >");
gotoxy(42,4); read(Rs);
gotoxy(42,5); read{Rd);
gotoxy(42,6); read(Rg); : !
gotoxy(42,7); raad{Ls);
gotoxy({42,8); read(Ld);
gotoxy(42,9); read(Lg);
goloxy(42,10); read{filenama);
gotoxy(42,11); read{num_1raq);
assign(In_data,fllenama);
reset(In_data);
Ls 1= Ls"18-9;
Ld ;= Ld*18-9;
Lg = Lg*1e-5;
readin{in_data,name); readIn{in_data,commant);
readin(in_data,nuim_bias};
forindex1 := 1 to num_bias do
begin —
raadin{in_data,header,Vg);
readIn{in_data,header,Vd); A .
voltages[indax1,1] ;= Vg; :
voltages[index1,2] := Vd;
readin{in_data,titla};
for Index2 ;= 1 to num_freq do
bagin - .
pointer = (index1-1)"num_freq+index2;
read(in_data,info);
frequencies[index2]:= info;
for Index3 := 1 fo 4 do
begin : N
read{in_data.datum[1).datum[2)]); * .
Params[pointer,index3] := datum;
end;
readin(in_data});
end;
ond;
END;

PROCEDURE convert_ta_Z;

{---u-u—---u-u--- =

{ This procedure translates the S-parameters in 'Params’, which are in [RI]
format, inte Z-paramatsrs and re-stores the results into array 'Params’. The
complex arithmelic routines used are from the include-file 'CMPLX'. The
characteristic impedances at Input and output, Z01 and Z02, are assumed 1o be
50 ohms, but can be changed.}

—

VAR

201,202: complex; {Characteristic impedances}

D: . complex; {Conversian factor)

ab.cp: complay; {Dummy variables for complex oparations}
index: integer;

511,521,812,522: COMPLEX;

BEGIN
Z01[1] := 50; Z01[2] :» 0; { Change characteristic impedante here,}
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Z02{1] 1= 50; 202[2] := O;
for index = 1 o pointer do
begin
S11 = PARAMS[INDEX,1}; .
521 := PARAMS[INDEX.,2); ’ s
512 := PARAMS{INDEX,3]; D - =
522 := PARAMSI[INDEX, 4}; -
**** QCalculate exprassion for 'D’, the comman denominator.}
csub(one,S11,b);
csub(one,$22,c);
cmuti(b,c,a);
cmult(S821,512,p);
csubfa,p,D);
***  Calculate Z11 and stora.} . .
cadd{ghe,S11,b); W
csublone,522,c);
cmult(b,c,a);
cadd(ap,c);
cdiv{c,D,a);
cmult(Z01,a,Params[index,1]);
{**** Calculate Z22.}
csubfone,511,b);
cadd{one,$22,c);
cmult(b,c,a)
cadd(a,p.c);
cdivic,D,a);
.cmult{Z02,a,Params[indax,4]);
{**** Calculate 221}
cdiv(S21,D,a);
a[t] = 2"a[1];
af2] = 2%a(2]; .
cmult(Z01,a,Params{index,2)); '
[**** Calculate Z12)
cdiv(S12,D,a);
al1] = 2*a[1];
a[2] = 2*a[2);
cmult{Z02,a,Params{index,3]);
and;
END;

—

——

PROCEDURE subtract_extrinsic;

{ﬂm ————— ===
{ This procedure substracts the series extrinsic parameters from the
measured Z-parameters, leaving the intrinsic Z-paramelers.}

VAR

Index1,index2,count: Integer: /
datum: complex;
*omeqga: real;
BEGIN
for index1 = 1 to num_bias do
bagin
for index2 := 1 to num_freq do
begin

count = (index1-1}*num_freq+index2;
omega := fraquencies|index2]"2"pi;
{ll'-. 21 -[ t.‘l} .

datum := Params[count, 1];

datum[1] ;= datum[1}-Rg-Rs;

datum[2] := datum[2]-omega’(Lg+Ls);
Pararns[count, 1] := datum;

{-..'I 222 l.ll} .

datum := Params[count,4]; -

A1.10-
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datum(1] :w datum[1]-Rd-Rs;
datum[2] := datum[2]-omega*(Ld+Ls});
Params(count,4] := datum;
{-nc. 221 An:u) .
datum := Params{counit,2]; .
datum([1] ;= datum[1]-Rs;
datum(2] := datum[2]-omega’Ls;
Params[count,2] ;= datum;
{l!... 212 t..l}
datum :« Params[count,3];
datum({1] := datum(1])-Rs; -
-datum{2] := datum[2]-omega‘Ls;
Params[count,3] 1= datum;
end; v
ond;
END;

PROCEDURE converl_to_Y;

(— —— — —
{ This procedure translates the Z-paramsters in 'Params’, which are in [RI]
format, Into Y-parameters and restores the results into 'Params', The complex
arithmetic routines used ara from the include-file 'CMPLX". }

VAR
D: complex; {Conversion factor}
a,bc:  complex; {Dummy variables for complex aperations}
minus_one: complex; [{-1+j0}

index:  integer;

BEGIN
minus_ons[1] := -1; minus_one[2] ;= O;
for index := 1 to polnter do
begin '
{*** Calculate expression for 'D', the determinant.}
cmult{Params[index,1],Params[index,4),a);
cmult{Params(index,2],Params[index,3] b);
csub(a,b,D); _
{**** Calculate Y11 and Y22 and store.}
cdiv(Params{kiex.4],D,a);
cdiv(Params[index,1],D,b);
Params[index,1] := &; ’ 3
Paramslindex,4] = b;
{****. Calculate Y21 and Y12 and stora.)
cdiv(Params|index,3],D,a);
cmult{minus_one,a,b);
cdiv(Params[index,2],D,a);
emult{minus_ona,a,c);
Params[index,3) .= b;
Params[index,2] := c;
ond;
END;

PROCEDURE variance(index1: integer; var sig_gm,sig_qgd,stg_Cgd,sig_Cgs,
sig_Cds,sig_Ri,sig_tau: vector);

SR

[P— - S — S ———

{ A procedure to detarmine the variance over frequency of the various
intrinsic elemants calculated in ‘extract_intrinsic*.}

VAR
index; intager;
sum_gm,sum_gd,sum_Cgd,sum_Cgs,
sum_Cds,sum_Ri,sum_tau: real;

Al 11



BEGIN
sum_gm' = 0; sum_gd = 0; sum_Cgd = 0; sum_Cgs = 0;
sum_Cds:= 0; sum_Ri := 0; sum_tau = 0;.
for index := 1 to num_freq do
begin
sum_gm = sum_gm + sqr{sig_gm(index] - gm[index1,1]);
sum_gd ‘= sum_gd + sqr(sig_gd[index] - gdfindex1,1]);
sum_Cgd = sum_Cgd + sqr{sig_Cgdfindex] - Cgd{index1,1]);
sum_Cgs := sum_Cgs + sqi{sig_Cgs|index] - Cgsfindex1,1]);
sum_Cds = sum_Cds + sqr(sig_Cds{index] - Cds[index1,1]); N
end; ‘ '
sig_gm[1] := sum_gm/num_freq;
sig_gd[1] = sum_gd/num_freq;
sig_Cgd[1] := sum_Cgd/num_freq;
 sig_Cgs[1] 1= sum_Cgs/num_fraq;
"~ sig_Cds[1] :» sum_Cds/num_{req;
END;

PROCEDURE extract_intrinsic;

EHH-—H-ﬂ---ﬂﬂﬂﬂﬂﬁ-ﬂﬂﬁﬂﬂﬂin-}
{ This procedure calculates tha intrinsic model parameters according to tha
* analysis givan by Minasian:
gm = RsfY21]
gd = Re{Y22]
| » Cgd = -im[Y12]/omega
Cgs = {Im[Y11)/omega) - Cgd
Cds = (Im[Y22}/omega) - Cgd
Ri = Re[Y11}{Cgs‘omega)*2
-{lm[¥21}omega) - Cgd
1Ay = -~ - Ri*Cgs
. gm
The values for each parameter are averaged over frequancy and the resslis
stored in the appropriate array, together with the corresponding bias voltage
and standard deviation of the parameter over frequancy.}

VAR |
" sigma_gm,sigma_gd,sigma_Cad,
sigma_Cgs,sigma_Cds,sigma_Ri,

sigma_tau: vector;
info,omega: . real;
datum: - complex;
index1,index2,count: integer; 3
R{_INDEX: INTEGER;
BEGIN

forindex1 = 1 10 num_bias do

begin .

gmlindex1,1]:=0; gm[index1,2] = 0;
-gdfindex1,1]:=0;  gd[index1,2] := C;
Cgd[index1,1] 1= 0; Cgd[index1,2] = 0;
Cgslindex1,1] := 0; = Cgs[index1,2] := 0;
Cds[index1,1] := 0; Cds[index1,2] := 0;
Rifindex1,1]:=0; Rilindex1,2] := 0;
tauindex1,1} 1= 0;  taulindex1,2] = O;
RI_INDEX :a0;
forindex2 = 1 to num_freq do
begin
count := {index1-1)*num_fraq+index2;
omaga = frequancies(index2]*2"pi;
datum := Paramsfcount,3};
sigma_Cgd[index2] := -datum[2]/omega;
datum = Params|count,1];
sigma_Cgs[index2] := datum([2)/omega-sigma_Cgd[index2];
datum = Params[count,4]; ’
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.sigma_gdfindex2] := datum{1];

sigma_Cds[index2] = {datum[2]/omega)-sigma_ ng[mdex2]
datum := Params[count,2]; -

sigma.-gmlindex2] := datum[1];

gm[index1,1] := gm[lndmﬂ.1]+sigma_gm[indax2];
gdlindax1,1] := gdlindex1,1]+sigma_gd[index2];
Cgd[Index1,1] := Cgdlindex1,1]+sigma_Cgd[index2];
Cys{index1,1] ;= Cgs|index1,1]+slgma_Cgs[index2];
Cds[indax1,1} := Cds[index,1]+sigma_Cds[index2];
WRITELN; ; ) .
IF FREQUENCIES[INDEX2]>=2,5 THEN
BEGIN
WRITELN{'CALCULATING RI. "FREQUENCIES[INDEX2]"1E-9:8:4);
rI_INDEX = RI_INDEX+1;
.datum '« Params{count,1]; '
slgma_Ri[index2] := datum[1}/sqr{sigma_Cgs[index2]|*‘omegay);
- dalum =« Params{count,2);
sigma_tau(index2] = ((-datum[2)/omega)-sigma_Cgd|[index2])/
sigma_gm[index2] - sigma_Ri[index2]"sigma_Cgs[index2);

END;
Rifindex1, 1} = Riindex1,1}+sigma_Ri{index2);
lau[lndexI 1] = tau[index1,1]+sigma_tau[index2];
{** NB: axpression for gm valid as omaega tends 1o 0, while Riis
particularly sensitive to varations in $11 and may not valid for
low frequancles.)
end;
gm{index1,1] ;= gm[index1,1)num_{freq;
gdlindex1,1] := gd[index1,1]/num_freq;
Cgd[index1,1] := Cgd[index1,1}¥num_freq;
Cgslindex1,1] := Cgs[index1,1}fnum_freq;
Cds[index1,1] := Cds[index1,1)/num_freq;
Rifindex1,1] := Ri[lindex1,1/RI_INDEX;
taufindex1,1] := taufindex1,1}/RI_INDEX;
variance(index1,sigma_gm,sigma_gd,sigma_Cad,sigma_£Cgs,
sigma_Cds,sigma_Ri,sigma_tau);
gmlindex1,2] := sqri{sigma_gm[1]};
gd[index1,2] .= sqri{sigma_gd[1]};
Cgd[index1,2] := sqri(sigma_Cgd[1]);
Cgs[index1,2] := sqrt{sigma_Cgs[1]);
Cds[index1,2] := sqri{sigma_Cds[1]);
Rilindex1,2] := O;
tau[index1,2] := 0;
end;
END;

IS

" PROCEDURE output;

[--------------------------h----nnﬂ-----ﬂ=-===l====l==\==l
VAR

index1,num_Vd,num_Vg,

pointer,indax2,count: integer;

title1,title2,line: string[80];

parameter: char;

Vd Vg: real;

'

BEGIN

Iiﬂa :-'-------------u ooonos = o= SN

filo1:=' gm SIGgm) od SiGlgd) R SIGRI:;

ttle2:=' Cgd SIG{Cgd) Cgs SIG(Cgs) Cds SIG(Cds) Tau SIG(Tau):

writeln;  writaln({line); writsln;
writeln{'Calculations completed.”;
_writeln{’Enter oulput data filsname >
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writeln((Older versions will be ovarwrittan.});
wrlteIn{'Which bias voltage to be taken as parameler bR
writeln(Vdor Vg [DAG] . B X
gotoxy(47,15); read(filanama);

gotoxy({47,18); read(parameler);

gotoxy(1,20);
assign(out_data,filenamae);
rewrita{out_data);
writaln{out_data,name);

» writeln({out_data,comment);

write{out_data,"SIG" = parameter standard deviation over ');
write{out_¢ data (Units;Siemens, pF, chms, ps))

- wrilaln{out_ data Jfrequencies{1]*1E-0m:2,' to ' Jfraquencies{num_freq)' 1E-9:8:2," GHz T

num_Vd := 1;
rapeat
num_Vd = num_Vd+1;
until (valtages[num_Vd,2]=voltages[1,2]) or (num_Vd=num_bias);
if num_Vd < num_bias then num_Vd = num_Vd - 1;
num_Vg = trunc(num_bias/num_Vd);
if (parameter="D") or (parameter-'d ) then
begin
for index1 = 1 to num_Vd do
bagin
Vd := voltages{index1,2];
writeln(out_data,’'Vd : '.Vd:6:2),
writeln{out_data,line);
writeln{out_data,” Vg'title1);
for index2 = 1 to num_Vg do
begin
count := (index2-1)*num_Vd+index1;
Vg := voltages]count,1];
write{out_data,Vg:6:2," ',gm[count,1]:8:5," ", gm[count,2]:8:5)};
writa{out_data,’ ‘,gd[count,1]:8:5,' '.gd[count,2]:8:5," );
writeln{out_data,Ri[count,1]:8:4," ", Ri[count,2]:8:4);
and;
‘writeln{out_data,line);
writeln{out_data,” Vg'title2});
for index2 := 1 to num_Vg do
begin
count = (index2-1)*num_Vd+index1;
Vg = voltages[count,1]; \
write(out_data,Vg:5:2,' ",Cgd[count,1]*1e12:6:3," '),
writa{out_data,Cgd[count,2]*1e12:6:3,' *,Cgs[count,1]"1812:6:3);
writa(out_data,’ ',Cgs[count,2]*1012:6:3," )
write{out_data,Cds[count,1]"1e12:6:3," ',Cds[count,2)*1e12:6:3);
write(out_data,' tau[count,1]*1e12:6:3 ')
.writelnfout_data,taufcount,2]* 1912 6:3);
and;
wrnaln(out__data,hna), writeln{out_data); writeln(out_data);
end;
end
alse bagin
for index1 = Rto num_Vg do
begin
pointer == (ifdex1-1) num_Vd+1;
Vg := voltagas[pointer,1J;
writeln(out data,'Vg : 'Vg:6:2);
writaln{out_data,lins};
writaln{out_data,’ Vd'title1);
for index2 := 1 1o num_Vd do
bagin :
count = (index1-1)"num_Vd+index2;
Vd := voltages[count,2];
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s

write{out_data,Vd:6:2, ",gm[count,1}:8:5,' ".gm[count,2).8:5);
wrile(out_data,' ‘gd[count,1}:8:5," ' gdicount2}:8:5," ')
ndwritel.n(dutm_data.Hi[oounm]:8:4.' " Ri[count,2):8:4);
and; :
writeln{out_data,line);
writein(out_data,’ Vd'title2);
for Index2 =1 to num_Vd do
bagin _
count ;= (Indax1-1}*num_Vd+index2;
Vd = voltages|count,2];
write(out_data,Vd:5:2," ',Cgdcount,1]"1a12:6:3," ');
write(out_data,Cgd[count,2]*1012:6:3,' *,Cgs[count,1}*1a12:6:3);
write(out_data,' *,Cgs[count,2]*'1e12:6:3," ); .
write(out_data,Cds[count,1]*1612:6:3," *,Cds[count,2]*1a12:6:3);
write(out_data,' ‘tau[count,1]"1e12:6:3,' Y;
writaln{out_data,tau(count,2]*1e12:6:3);
ond;
wrciiteln(out_data.llne): writeln{out_data); writeln{out_data);
end;
and;
closa{out_data);
END; ‘
{ MAIN PROGRAM }

[l-l-llltllll--u-lll-- -

----:-----:--n-nl:l:n:n:nu::-uunnuz:a:unsﬁhﬂﬁnssHHHuH}

BEGIN
get_input;
convert_to_Z;
sublract_extrinsic;
conveit_to_Y;
extract_intrinsic;
output;

END.

{)
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.

.PROCGRAM ModifiedHarmonicBalance;

f———

SRR

{FET MULTIPLIER ANALYSIS PROGRAM: {Refer 1o Chapter 3). This program -
calculates conversion loss of a FET muiltipliar as a function of bias and
embedding impedances presented at all fraquencies of interast.

ata must be anterad via a saparate file using the balow format, Proceduras for calculating nonlinear

FET paramaters are conlained in a separata source code, and must be daveloped prior 1o program execution,
‘using INTPAR and EXTPAR. (refer to Chapter 2 and Appandix 1), -

- INPUT FILE ORGANIZATION:

" Vsource,ghéas,dbias _ ’ SIGNAL INPUT PARAMETERS
Fo {GHz] L FUNDAMENTAL FREQUENCY
Zcin,Zecout ben ! CHARACTERISTIC MPEDANCES
Tolerance CONVERGENCE TOLERANCE
Re(Zi[0]) Im(Z[0}) Re(Zi[1]) Im{Zi[1]) Re{Zi[2]) Im{Z§2]} Ra(Zi[3]} Im{Zi{3]) INPUT EMBEDDING IMPEDANCES
Re(Zo[0]} Im{Za[0]} Re{Zo(1]) Im{Zo{1]) Re(Zof2]) Im{Ze[2]) Re{Zo(3]) Im(Za(3]) OUTPUT EMBEDDING IMPEDANCE
phi,Ri,RsLs ' FET MODEL PARAME TERS}

CONST

pi= 3.1415926535898 ;

TYPE :
complex = array [1..2) of real ;
wave = array [0..127) of real ;

freqvector = array [0..64] of real ;
rell_coeff =array [0..3] of complex;
impdvector » amay [0..3] of complex;
sense = string(3];
VAR
pavail, pdc,pwrdiss : real; { Variables used 1o describe power input, output and efficiency. }
Input_dBm,Input_power : real;
conv_loss,rev_loss . real;
Vsource,gbias,dbias : real,  {InpUtexcitation. ]
Fo ; real; { Fundamental frequency. }
Zambc.JLrt,Zembin . impdvector ; { Embedding impedances seen at harmenics and DC. }
one,zero,j : complex ; {140, 040, O+ }
IN_error, OUT_ERRCR,tolerance @ real; { Limit for convergence, }
infile,outfile,spectrum . text; { Input and output files . }
filename . siring [20}; { User-input filanames.  }
Zcin, Zeout :oreal; { Characteristic impedance of fransmission lines. }
phi,Ri,Rs,Ls : real; { FET MODEL parameters, }
feration . integer; [ Loop countar in harmonic iteration loop. }
Vds,Ids, Vgs,|gs T owave;
Vi, Hi g4 1d Vg, Vd : wave;
{SIINT_FET.PAS)} {Large-signal FET characterization )
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APPENDIX Il: HABMONIC BA ANGE PROGRAM

[SIFFTPAS) {FFT & IFT procedura)
{51 SCIFUNC PAS} {Contains scientific function subroutines)
{$] CMPLXOPS.PAS) {Cantains complex arithmatic subroutinas)

—

! ‘o == . o

y ' -

procedure UPDATE_EFlRQﬁS(oId_inpui,new_input,old_oulpu!.new__oulput: wava);

[t s o i e o i R

—

var
old_in,dalta_in,
old_out,dolta_out, ' .
In_average,out_average: real;
indax : integer;
bagin
« old_in ;= IN_error;
IN_srror = O;
old_out ;= OUT_error;
OUT _arror ;= 0; .

in_average ;= 0;

out_average = Q;

for index := 010 127 do

bogin
IN_arror := IN_arrar+abs(old_input{index]-new_input{index]);
in_average := in_avarage+new_input[index];
OUT_ERROR := QUT_ERROR+abs(old_oulput[indax]-naw_output[index]);
out_average != out_average+new_outpullindex];

and;

IN_arror ;= IN_srror/128.0;

in_average = in_average/128;

out_average = out_average/128;

DELTA_IN:= old_in-IN_error;

OUT_error := QUT_error/128.0;

delta_cut:~ old_out-OUT_error;

writeIn{'RMS arr AT INPUT =" IN_error;12:6);
writeln('Previous RMS error AT INPUT = ‘,0ld_in:12:6);
writeln{'Change = DELTA_IN:B:4);
writeln('Average Vgs = 'in_avarage:10:5);
writeln; . :
writein(AMS err AT OUTPUT =" 0UT error:12:6);
writeln{'Pravious AMS error AT OUTPUT = *,old_out:12:6);
writeln{'Change. = ' defla_out:8:4);
writaln{'Avarags Vds = 'out_average:10.5);

end; '

procedure MULTIPLY_BY_RHO(rho: refl_coeff;
var coscoefi,sincosff; fraqvactor);

{---z--------n—n- - - nnl:::n===e:===:n==n=====-u:nnzzuuunn]

var '

index : integer,; .
Vrel_freq.new_Vrel_freq : complex;
bagin .
forindex := 010 3 do
bogin .
Vrel_freq[1] = coscoefflindex];
Vral_frag{2] := sincoeff{index];
cmult{rhofindex],Vref_freq,new_Vrel_freq):
coscoeliindex] := new_Vrel_freq[1]:
sincoalf((index] := new_Vrel_{req[Z];
and;
end;
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procedure INTEGRATE _FET_IV_EQUATIONS{ Vgs_inc,Vds_| inc: wave; var Vgs_ref, Vds_ref: wave)

- —— __._.“......__.__!

{ Based on the updaled incident waves, the intrinsic FET responsa is
calculated. The resulling voltages reprasent the waves that will be

reflected back along the transmission lines,
var

jkjm1jm2index integer;

r1,r2,dlgdT diddt,dt,errar  :  real;:

itermal; toxt;
imvd,revd,imid,raid,imig, reig,imvg,revg: fraqvactor;

begin
dt = 1/{128%0);
if teration = 1 then
begin
I9I[127] = Q; v
KdI[127] == O;
Hi[127] = O;
dlgdt :=0;
index = 0;
arror 1= 0;
repeat
index ;= index+1;
[di[127] :=0.001*(INDEX-1};
Vg[127] := 2*Vgs_inc{127]-1d1[127]"Rs;
Vd[127] = 2*Vds_inc[127]-(zCOUT+rs)"Id{127],
R1 = GM{gbias,dbias);
R2 := GD(gbias,dbias);
arror :w 1di[127]-R1°VG[127]-R2" VD[127]
until {abs{error)<=0.005) ;
Vi[127] = Vg[127]-Vd[127]);
writeln('Initialized results : Error "error:10:6),

writaln(" di°idI[127]°10C0:10:4," mA');
writaln(’ Vg "vo[127]:10:4);
writaln(’ Vd ' vd[127]:10:4);
writaln{’ Vi wi[127):10:4);
writeln(' Index ‘indax:4);
end; -
fork:=1107do
begin
writaln(k:4});
forj:= 010127 do
begin
jm1 =1,

if j = 0then jm1 = 127;
VI[i] := VIim1)+Hiljm 1] dt/egd(vg[im1],vd[im1]);

Vg[j] = Vglim1]+lgl[jm1)*diicgs(vg[jm1].vd(im1]};

igkj] = lgl[jm1}+digdT*dt;
vd(j} = Valij-vilil+Ri*lai(i);

Idl(i] == GM{vaj],vd(i]))"VG[J]+GD{va(j].vd(j])* VD[J];

}

Itij] -= (2*Vgs_inc[j}-2*Vds_inc[jj-Vi[j}l- ZCIN" IGL[]]+ZCOUT I/ (ZCIN+ZCOUT);
dlgdT = ((2°vds_inclj]-vd[j]-zcout*(idI[jJ-ififi])-rs* (igij}+idI[j)) /Ls)-(IdIfj)- 1dI[jm 1])/dt;

end;
end;
forj:=010127 do

in
Ids[j] := Id1j]-Hi[i];
lgs(j] == Iglfi]+Hi]: .
and; e
FFT(FFT Vg, revgimvg) ;
FFT{FFT Vd.revd,imvd);

{ FFT 1o get fraquancy domain reflected wave.}
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FFT('FFT" Ids,reid,imid); . “

FFT(FFT igs,reig,imig);

for index;= 110 16 do

+ bagin ) : .

revd[index] := revd[index] +rs*(reid[index]+reigfindex])-reid{index]*zcout;
imvd[index)] := imvd[index]+Ls index*2°3.141592654" fo" (imid[index]+imiglindex});
revglindex] := ravglindex)-reiglindex]*zcin’rs* (reig(index]+reid(index}};
imvg[index] := imvg[index)+Ls*index*2*3,141592654 0" (imid[index]+imig[index])

' +imigfindex]index*2°3.141592654"13*0.50-12;

and;

FFT(IFT Vds_ref,revd,imvd);

FFT(IFT . Vgs_rel ravg,imvg), . .
forj .= 0t 127 do

bagin . '
writeIn(f:4," ' Vds_ref[j]:9:5," 'Vags_rel{j}.9:5);
writoIn{outiile.j:4," " Vds_rel[j}:9:5," " Vgs_rel[j};9:5);

ond;
ond;

/

procadure find_initial_voltage_wave(z: impdvector; sourca,zchar,vbias: roal;
“var initial prev,vinc: wave),

e X RS A MRS RSS2 EERE S G RAGESSESmasssem=as==omz =2
[ Reter to equations 3.6, 3.7 in text. }
var ‘
i ; integer;
Z DCZ fo : complex;
phase : real;
bagin
Z_DC = z[0};
Z_lo = z(1];

phasa := atan2{Z_Io[2],Z_to[1] + zchar) ;
forj = 1to 128 do
begin
initialfj-1] := vbias * zchar / (zchar + Z_DC[1])
+ source® zchar * COS{2.0°pi*{/128 - phasa) /
sqri{sqr{zchar + Z_fo{1])}+sqr(Z_{o[2])) ;
vinc(j-1] = initiallj-1] ;
previj-1] := 0.0 ;
and ;
end;

procedure CALCULATE_PERFORMANCE;

{—----- - - ==

{ Tha initial travelling wave is found using equations 3.6 and 3.7 from text.
The *V_inc_init' waves retain this value throughout the program. The

V_inc_prev'wave is initialized lo this value and altered during iteration.}
var

zsource,vral_{raq,new_vinc_1ireg,

Vgs_inc_init,Vgs_inc_prav, { Time represantation of initial }
Vds_inc_init,Vds_inc_prav, { incident and rollected voltage waves }

Vds_rel, Vgs_ref : wave ; {sampled 128 times over i period of Fo. }
coscoeff,sincoelf . freqvactor ; | 16-element arrays of Fourier coallicients.}
rho_in,rhe_out . rall_cooff; { Complex arrays of rellection coefficients for harmonics.)
indox,index1,index2 . integer; | Loop pointars, }

in_converged,oul_converged : boolsan; | Comvergence flags. ]
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temp1temp2, AB.C.D ., : complex; {Dummy variables for rho. } /
conv_loss,rev_loss : real; { output and efticiency. } '
raply : char,

bagin
reply =y v
itaration = 0 ; { Intialize loop pointer }
in_converged := false ; [ and convergence flags. }
out_converged ;= false;

“temp1[1]=2Zcin; { Inftialize dummy variablas }
temp1[2]:=0; {forcalculatingrho.  }-
temp?2[1]:=Zcout; :
tamp2[2]:=0;

for index 1= 010 3 do 7

begin ’
csub{zembin[index],temp1,A) ; { Findthe input and cutput )
cadd(zembin[index],temp1,B} ; { reloction coeffiacients |}
cdiv(A,B,C); .
RHO_IN[INDEX] = C; [ at each barmonic and DC.  }
csub{zembout(index],temp2,A) ;
cadd{zembout[index].temp2,B) ; -
cdiv(A,B,D};
RHO_OUT]INDEX] := D;

ond;

find_in'rtia]_vo!!aéa_wave(zembin.Vsourca,Zcin,gbias,Vg s_inc_init,Vgs_inc_prev,Vgs);
find_initial_vohtage_wave(zembout,0,Zcoul,dbias,Vds_inc_init,Vds_inc_prev,Vds).

repeal : { Begin iterative procedure. }

ileration = tteration + 1,

writeln{’Harmonic iteration no: ' iteration;4) ;

for index ;= 010 127 do { Save oldincident wave  }

bagin { to usa later, in daetermining}
Vgs_inc_prev(index] := Vgs[index]}; {convergence}
Vds_inc_previindex] := Vds[index] : :

and;

integrate_fet_iv_equations{Vgs,Vds, { Calculate reflected wavos)
Vgs_ref Vds_ref} ; { at input and output.  }
FFT({'FFT.Vgs_rel.coscoeft,sincoeff);
writeln({spectrum,'Vgs spectrum for iteration: *,ileration:5);
FOR INDEX =1 TO 16 DO -
BEGIN
writeIn{INDEX:4, COSCOEFF[INDEX] 10:5," "SINCOEFF|INDEX]:10:5);
writeln{spectrum, INDEX 4, COSCOEFF[INDEX] 10:5, 'SINCOEFF[INDEX} 10:5),
END;
multiply_by_rho{rho_in,coscosfi,sincoeff}; { Muhiply by reflection coefficients, rho, )
{ 1o get new fraq-domain incident wave }
FFT({IFT ,Vgs,coscoef,sincoeff); { Revert 1o tima domain, |

FFT(FFT Vds_ref,coscoet!,sincoeff);
writeln{specirum);
writeln(spectrum,'Vds spectrum for iteration: *,iteration:5);
FOR INDEX := 1 TO 16 DO
BEGIN
writaln(INDEX:4," ' COSCOEFF[INDEX]:10:5," " SINCOEFF{INDEX):10:5);
writeln(spectrum, INDEX:4," . COSCOEFF[INDEX]:10:5," " SINCOEFF[INDEX}:10:5),
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END; o
writaln{spectrum); writeln{spectrum); .
multiply_by_rho(rho_out,coscooff,sincoefl); | .
FFT{IFT Vds,coscoefl,sincoati); _ ¥>
for index ;= 0 to 127 do { Add new wavalorm 1o original } . —
bogin RENRRERT T
Vgslindex] := Vgs|index] + Vgs_inc_init{index] ;
Vds[indox] := Vds|indox] + Vds_inc_init[index) ;

ond;
forindex = 010 127 do
begin
writaln{index:4,"ref " vds_rei[index]:10:5," inc:',vds[indox]:10:5); .. d
oend; , T
update_errors{Vgs_inc_prev,Vgs,Vds_inc_prev,Vds): {

wiite('Continue fteration ? *);readin{reply);
until {raply="r'} or {reply='N"};
close(outfile);
close(spectrum);
ond ;

procadure GET_INPUT;

(o ot e 2 1 e et e

var
hoadaer  :string[80); { Dummy variables for }
tamp1,tomp2 : complex; { reading input data. } -
indox J Lintegar; { Loop countar.  }
bagin-
writeln ; { Get input‘qiienamo and}

wiite('Entor data file name and extension : )y ; { assign to 'infile’.  }
readin{filaname) ;
Assign{infile filename) ;
Raset(infile) ; -
{Beginfileread. }
readin(infile,header);readin{infile, Vsource,gbias,dbias);
readin(infile,header);readin{infile,Fo);
readin(intile,header);readin(infile,Zcin,Zcout);
readln(infilé, header);readin(intite tolerance);
readin(infile,header} ;
for index = 0 TO 3 do
begin

read(infile,tempif1]lemp1(2)) ;

zembinfindex} ;= temp1 ;
ond ; readIn{infile,header);
readln(inlila,headar) ;
forindex ;= 0 TO 3 do
begin

read{infile,temp1{1]temp1{2]) ;

zambout[index] := temp1 ;
end ; readln{infile,header);
readIn{infite,header);readin(infilo,PHLRI,Rs,Ls);

if phi<0 then phi = -phi;
Fo = Fo"1e9;
Ls:wLs"10:9;

write{'Name output to go 1o [include extension] : '); | Get output filename }
readin{filenams); { and assign to outfile”, }
assign{outfile,filename);
rowrite{outtila);
assign{spactrum,'spectrum.out’);
rewrite(spectrum);

end;
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procadure INITIALIZE;

frne e —— R ——

begln
zaro[1] = 0.0; { Seot complax constants }
zemf2]=0.0; . {zem=0+j0
ona[1] :-1.0; oo
one(2] = 0.0; {one =14+j0 }
i1l =00; -
2] =1.0; {t =0+j1 '}
end;
{ MAIN PROGRAM }
{ NN . -----ﬂ-------------------------]
begin
initialize; {Initialize complex canstants and boolean variables.}
get_input; {Get input filename and read fila.}
calculate_pserformancs;
end. t

( emmsssEmamamnEseaaEeas R SRR AN KA nn e ana]

The following is the source file FFT.PAS which contains the Fast Fourier Translorm coda.

[ L3 ---m---u-:a-w-nnn-ﬁnnﬁuusuu-:-nn-u-an:nnuunnu--n-—--n----------}

procedura FFT(transiorm; sense; VAR tvct:wave ;
VAR Ivctr,fvcli:freqvedor) :

{ Called during the Modified Harmonic Balance Program.}
{ Sin/Cos FFT subroutine, Ref: Ch. 10, "The Fast Fourier Transform
by E. Oran Brigham {Prentice-Hall, 1974).

fvetr is the cosine (a) coefliciant; fvcti is the sin (b) coellicient.
Form of the serias is

f(1)=a0/2 + a1*cos(wi) - b1*sin(wt) + a2 cos(2w1) - b2'sin(2w1) +

and fvctr(0)=DC component, fvctr(n)=nth harmonic, ete. Componentsl‘musl
be entered with these sign conventions and twice the DC value for a0, as
implied above. kilag=1 implies time to freq conversion; The variable
"ransform” specifias whether the transform is from time p frequency

{FFT) or frequency to time (IFT).

The transform is perlormed assuming 128 sampling pcints are takaen from
the time wavalorm.}

var
n,nu,nul,n2,n2pt,jjk.kpkl1kin2liloop :integer ;
trealtimag,c,s,coel,arg : real ;
xreal,ximag : ARRAY [1..128] OF real ;
index,index1,index2,m: integer;

function J_TO_THE_K({j.k:integer) : integer ,

{-------:—- -] H-ﬂ_------ﬂ.-:ﬂ:ﬂ:::ﬂlﬂEﬂ‘ﬂEHHﬁﬁﬂn-I‘---ﬂhulﬂﬂ-}

var
X,i:imeger ;

begin
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X =1
fori:=1tokdo
bogin
XX : .
end;
j_to_the_k =x;
end ;

function IBITR(j,nu:integer) : integer ;
!----------.-“-— - - T B N -----‘ -n’---.-‘------ﬂ-ﬂ‘“‘-n---.--ll-
var }
j1.j2..x :integer ;
begin
=i
X=0,; '
fori:= 1tonudo
begin
j2:=jt DIV2,
XmX*2+(j1-212);
jl=j2;
end;
ibitr ;= x ; '
end;

{ MAIN PROGRAM }
{---.--- - --HHHHﬂ““--HIH“----HHBH=ﬂﬂ=====ﬂ====ﬂ==ﬂ'-ﬂ=-ﬂ-HH=}
begin

n:= 128;

nu ;e 7;

n2=nDIVZ,

n2pl = n2+1;

if transiorm = ‘FFT" thoen

begin

forjj:=1tando

in
xraalljj] i= tvet[jj-1];
ximag(jj] ;= 0.0;

]
and
alse bagin
for fj 1= 110 n2 do
begin
K= n-jiet;
xreal(jj] := 0.5 vetrjj-1);
xrealfjk] := 0.5*fvetr(jj];
ximagljf] := -0.5"bveti[jj-1]:
ximag(jk] = 0.5"hvetifjj];
end;
ximag[1] := 0.0;
ximag[n2p1] ;= 0.0;
ond;
nul = nu-1;
k= 0Q;
FORI:= 1 TO nuDO
BEGIN
REPEAT
FORi:=1TOn2 DO
BEGIN
m = lo_the k{2,nul);
p=kDIVm;
p = ibitr(p,nu) ;
arg = {p * 6.283185307)/n ;
c = cos{arg};
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s = sinfarg);
Klmk+1;
k1n2 = ki +n2;
troal i xreal(k1n2] * ¢ + ximag(k1n2] * s ;
timag = ximag[k1n2] * ¢ - xreallkin2] * s ;
xreallkin2)] := xrealki] - treal ;
ximag[k1n2] := ximag[k1] - timag ;
xreal[k1] := xrealk1] + treal ;
ximag[k1] 1= ximag[k1] + timag ;
Kmk+1: A
END;
K=k+n2;
UNTILk>=n;
Km0,
nutl mpnul -1
n2:=n2DiV2;
END;
fork:=1tondo
begin
i 7w ibitr(k-1,nu)+1;
if i>k then
begin .
treal = xreal(k];
timag = ximagfk];
xreal[k] := xreallil;
ximag(k] := ximag][i];
xraal[] = traal;
ximag(i] := timag;
end;
and;
if transform = ‘FFT" then
begin
coel ;= 2.0/n;
for loop = 1 1o n2pi do

in .
tvctr{loop-1]:=xreal(loop] cost;
fvctijloop-1]:=ximag{loop]*coef;

end;
fvctiin2p1-1] ;= -fvctifn2p1-1]}
end
alse begin
for loop = 110 n do
begin
tvet[loop-1] := xreal{loop);
end;
ond;
end;
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AEEENDD£m;uNEAIEBALEm&ﬂﬂiANAEﬁﬂSEEEXHﬂHﬂ'

The procedures ‘impedance’, 'plusplus‘ ‘plusmoins’, 'momsrnolns as well as all comments in French were written
by Solange Monnier.: The rest of this listing is the author's work based on the Accelerated Spectral Domain
Technique as suggested by Dr. Hoefer.

{FILE UNIFIN.PAS} ' ’_‘\(

brégram unifin{Iinput,output); ' \

{ This program caiculates the effective dislectric constant, the propagation constant and the power-vollage |mpedance of
unilateral finlines. One constant basis function Is used to approximate the transverse electric tield in the slot. - The
characteristic equation is approximated cvar the desired range of terms using estimates for epsilon effective_and/or cutoff

frequency. This raduces greatly computation time with only small loss of accuracy. | e
" const 3
c=2,997911;
var
ke,nt,n2,block:  integer;
|,neta: integer;

ep0,mu0,rasult;  real;

a,b,s,eprdh: rsal

1lc,ice: _ real;

k1.k2 k3: real;

kca,led, lumpsum:  real; .

bet1,bet2,bet3: real; ;
resi,res2,res3: real;
aoffe.eoff ko:  real;
ob,omg,ash,g12: real;
Ey2,P1,P2,P3: real;

etal,gd: real;
output: boalean;
diag,est: char;

functlon sinh(x: real): real;
begin
if x>42 then x;=42;
sinh:=0.5"{exp{x}-axp(-x));
end;

functlon cosh{x: real): real;
begin

il x>42 then x:=42;
cosh:=0.5"(exp(x}+axp(-x)};
end; -

function tanh(x: real): real;
begin
Txecld ¥
then tanh:={axp{x}- exp( x))(exp{x}+exp(-x))
alse tanh:=1;
end;

.
=t

function tan(x: real):real;
begin

tan;=sin{x)/cos(x);

end;

procedure guesseff;
{ Epsilon effective is estimated.)

var

A3.1



A

faie

etal:=(s/a)/(b/a)/{db);
ata?;=stal*db;
gd:=siat arctan(1lela1)+[n(sqrt(1+sqr(91a1)))
ga:=ala2*arctan(l/ala2)+In(sqrt{1+sqr{eta)});
xb:=2*In(1/sin{pi* d!2/b))+epr (gd+ga);
y:=a/'s,
if (d!b)<-0.5
than
Fsa:=-25.1223+31.524"In{y)-12.504*sqr{In{y)}+1.9454"In{y)"sqr{In(y))
alse begin
If {d/b)<w0.75
then
Fsa:=-33,934442.451"In(y)-17.057 sqr{in{y})+2. 5885° In(y) sqriin{y))
else
Fsa=-48.0487+59.2846°In(y)-23.77 sqr{In(y)}+3.47*In(y}"sqr{in{y));
and;
lcd:=2*(a-5) sqrt{1+nv*{1-(s/a)*(-0.0769%epr+1.231)"Fsa)"xb);
ica:m2tasqri{1+{4 b/pifa)*(1+0.2*sqri{b/a)}*In(1/sin{pi*d/2/b}));
eefte:=sqr{lcd/lca)-sqr(cAslca); 5
and; )

procedure getinput;

bagin
clrser; Y
writeln{’ Spectral Domain Analysis of Unilateral Finlines');
writaln(* ');
writeIn{" This program calculates the unilataral finline parametars using');
writeln('the accelarated SDA-method. A single basis function is used for’};
writefn(tha slot fisld.");writeln{’ ;
writeln{' Please specify the following data:');

writa('Waveguide width (a)inmm > ‘Jreadin{a);
write('Waveguida height (b) in mm > ‘)yreadinb);
write{'Mstallization distance from wall (h) in mm>  );readin{h);
write('Fin ine gap width (d) in mm > ‘)readin(d);
write{'Substrate thickness (s) in mm > ‘Jreadin (s);
write{'Relative dielectric constant (EPR) . > ‘)readln(epr};
write('Oparating frequency in GHz? > ‘hreadinif);

writeln{’ );writeln{"'What do you'want to calculate?);
writeln{' 1- cutoff frequency only");
writeln(" 2- disparsion characteristics and impadance’);

write(" 3-all > "j;readinfic);writeln{’ °);
writaln{"'Would you like ");
write(' - diagnostics {y/n)? > n');gotoxy(39,22);

readin{diag);it (diag="y") or {diag='Y"} then diag:='y';

wiite" -to see estimates {y/n)? > ny);gotoxy(39,23);readIn(est);
f:=f*169; { miseén Hz de*te-gquence }

{* Formules iteratiVes pour las barné% des equations caracteristiques. *)
if {d/b)>0.05 y
then begin

n1:=trung(250°exp(-0.2314'In{d/b))); { determine number of terms required for calculation of epsilon effective and Zo }

n2:=trunc(50"exp(-0.769'In(d/b))); | and beta}
end
alsa begin
n1:=500;
n2:=500;
and;
(if cutoff fraquency is to ba calculated, find initial sstimata)
it ico?2
then begin
etat:=(s/al/(blfa)/(d/b);



APPENDIX HII: UNILATERAL FINLINE ANALYSIS PROGRAM

gd:=atal*arctan{1/etal)+in(sgri{1+sqr{etal)));
fca:mcs2.2/(a-s)/aqrt{1+4/pi*(1+0.2°sqrt(b/{a-s))) "bi{a-s)"
In(1lsln(pl'd!2/b)+epr gd));

ond;

)
if ic <1
then begin . .
guesseﬂ . 1]
l:=trunc{3*exp{-0. 6'In(d/b))) {nbr de termas da la sum intsrmediaire}
i eoflo<0 .
then begin St
writaln{'Below cutoff frequency.’);
ic:=99; =
and; :
end; .
if {ost='y") or {8st='Y")
then begin
writaln("');
writeln{'Number of spectral terms for Zo and the cutefi frequency is ',n1);
writeln(' Estimated cufoff frequency is ’,fce*1e-9:6:3,' GHz');
writeln{'Number of spactral terms for epsilon effective and bata is *,n2);
writaln(Number of iterated terms for finding beta is = ‘i)
writeln{' Estimatad opsilon effective is *,esifa:6:4);
end;
and;

procedure gety11i{an,batk: real; var y11; real);
(" Calcul da I'admittance Y11 a utiliser dans I'equation caracteristique. *)

var
oolt,01.92: real;
t1,12,13,ta1,ta2,ta3: real;
eg,r,q,Ay,By: real;

begin
eell:=sqr{batk);
ri=-sqr{k)+sqr(an)+sgr(bet);
q:=-epr*sqrik)+sqr{an)+sqr{bet);

g1:=sgri{abs(r)};
g2:=sqri(abs(q));
eq:=aprig2;
t1:=tanh{g1®(a-s-h)};
12;=tanh{g2"s);
t3:=tanh{g1*h);
tal:=tan(g1*(a-s-h));
ta2:=lan{g2"s);
ta3:=tan{g1h);

case block of :
1: begin { calcui de fe,beta=0)
if r<0 then
Ay:=-(1/g1fa3+eg*(1/ginal-ag’ta2)/{eg+ta/iginat)) -
alse begin
#f q<0 then
Ay:=1/g113+0g” (1fg1rl1+eg ta2)/(eg-ta2/gini)
elsa bagin
Ay:=1/g1n3+eg*(1/g111+eg 12 eg+12/ig1nt);
end;
end;

y11:=k*Ay;
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end; e

2:begin e {cakuldabeta} .
lf <0
“then begin
Ay:=-{1/gina3+eg*{i/ginal- eg'ta2)/(eg+ta2lg1na1 Wi
» By:=g11a3+g92*{sqr{g1)Y/ginal-g2ta2)/{g2+sqrig1) ta2/ginal);
o
alse bagin
¥ q<0
then begin
Ay:w1/g1A3+ag™{1/g111 +eg'ta2)l(eg-ta2fg1n1) :
ncIBy =q1A3+92*(sqr{g1)/g1a1g2*ta2)/{g2+sqrig1)ta2/g1al);
Y
alsa begin
Ay=1/g1n3+ag®{1/g1t1+eg’12)/(eg+12/g111);
ndBy:-g1 A3+g2*(sqr{gl g lAa1+g2°t2)/(g2+sqr{g1)t2/g111);
and;
end;

y11:=K*(sqr{an)"Ay-eetf"By)/(sqr(an)+sqr(bet});-

and;
ond;
end;

pracadure sums(l,n: lnleger var lumpsum: real);
(* Calcul de lumpsum,la sommae residuelle {superieurs} de 'squation
caracteristique an utilisant une estimation de ic’ou de epsilon, *)

var
gl.n2,eq: real
beta,y11,an: real
11,12,13:  reai;
AyBy:  real;
it integer;

begin
lumpsum:=0;
bela =sqri{sqr{ko} esls); { estimation de bata } \.l

forii=lton

do begin
an:=i'2'pih; { an:coeff de Fourier }

{* Au dela de ce rang,gamal et gama2 ont des carres posilils °)
g1:=sqri(-sqr{ko}+sqr(an)+sdi{beta));
:  g2:=sqit(-eprisqr{ko)+sqr{an)+sqr(beta));

eg:=epr/g2;
ti:=tanh{g1*(a-s-h));
t2:=tanh{g2‘s),
t3:«tanh{g1*h);

Ay:=1/g1/t3+ag*(1/g1141+6g"12}(eg+2/g1111),
By:=g1A3+92*(sqr(g1)}/g1/1+g2712)/{g2+sqr(g1)"12/g111);

y11:=ko"(sqran}*Ay-eafte*By)/(sqr{an)+sqr(beta));

lumpsum:=lumpsum-+y1 1'sqr(d'siﬁ(an'd/2)/(an'd12)};
end;
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‘procadure res{bet,k: real; I; integer; var resd; real};
{* Calcul de I'equation caracteristiqua. *)

var
an,sum,y11,y10: real;
I integer;

begin
sum:=0;
an:=0;

gety11({an,bal k.y10); { calcul du 1er terme }
y10:=sqr(d)/2'y10;

for kw1 to -1
do begin
an:=i‘2°plb; ‘
gety1t(an.betky11);
sum:=sum+y11°sqr{d*sin(an*d/2)/(an*d/2)}; { somme infarieure }
and;

resd:=sum+lumpsum+y10; [ equ. caractaristique }
and;

pracedure regulafalsi(var it:integer; var x1,x2,x3,y1,y2.y3: real);
(* Calcul de la racine. *)

var
hald: real;

begin .
X3:mx1-y1*(x2-x1}/(y2-y1); .
if (abs(x2/x1-1.0)<=1@-8) or (abs(x2/x3-1.0}<=1a-8)
then begin
. case block of
1:fe:=k2*16-9°c/2/pi;
2:eeffi=sqr(x2/ko);
end; ' |
output:=true;
end
alse begin
hold:=x2;
X2:mx3; : \
x3:=hald; \
y3:=y2;
it:mit+1;
end;
and;

procedure cutoff;
(* Determination de fc. *)

var
it: integer;

bagin
writeln(' '},
block:=1;
ko:m2*pi*fce/c;
lumpsum:=0;
rasult:=0;
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k1:=ko*0.9;
it:-o;
output:«false;

res{0,k1,n1+1,rasi); ’
if {(diag='y) then writeln{" k1 'k1:15:10,' res1 ' res1:15:10);
k2:mko*1.1;
while outputo-true
do begin
res{0,k2,n1+1,res2); -
if (diag="y") then writeln(it:2,’ k2'k2:15:10," ras2'res2:15:10),
fomk2°c*10-9/2/pi; :
it abs{fc-result}<1e-3 { Arret des'que le 3ieme chifire} .
then begin {apres la virgule resle stable.)
if (dlag="y") then writaln{'No change in 3rd decimal of fc *);
output:=true;
end; '

if abs{res2)<=16-8
then bagin
it (diag="y") then writeln{'Finished dus to small res2";
output:=true;
and: d

if ((res1°res2)<0) and (outpul<trus}
then begin .
regulafalsi{it,k1,k2 k3,res1,res2,res3); ~-—~.__
it it=15 T
then begin
if {diag="y’) then writein({'Finished duse to it>15";
oulput:=true;
end;
end;

if ({res1’res2)>0) and {output<true)
then begin
if it=0
then begin
k1:mk1°0.7;
k2:=k2"1.3;
res{0.k1,n1+1,rest);
if {(diag='y') then writeln(* k1 'k1:15:10," rasi "res1:15:10});
end
elsa bhegin
k1:=k2;
H2:=Kk3;
resi:=rese;
res2:=rasd;
reguiafalsi(it,k1,k2,k3,ras1,res2,res3);
and;
end;

resuit:=fc;
end;if (diag="y’) then writaln{" '};
writeln{'===> The cutoff frequency is*  *1c:6:3," GHz');
end;

procadure propconst;
(* Determination de bela et de epsilon. *)

var
it: intager,
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begin
writeln(* *);
block:=2; .
ko:=2*pi*fic; -
resultim0; ‘ @
it:=0;
output:=false;
bet1:=sqri(oofie)'ko*0.9;
sums(l,n2,lumpsum);

res(bat1,ko, | res1);
it {diag='y’) than willeln{’ bet1 'bet1:15:10,’ rast ‘res1:15:10);
bet2:wsqri(aeffe)*ko*1.1;
-, whileoutput<true
~ do begin
res(bet2 ko, | rasQ)
if {diag="y') then writeln(it:2,' bel2 Jbet2:15:10,' res2 'res2:15:10);
 {"if abs{bet2-result)<1e-3 { Arret das que le 3ieme chiffra}
then begin {apres la virgule reste stable.}
oulput:=true; {NE MARCHE PASIIT}
if (diag="y") then writein('No change in 3rd decimal of bet2");
and;")

_if abs{res2)<=1e-8 (Criterion lor termin. of iteration)
then bagin
it {diag="y") then writeIn({'Finished due o small res2');
output:=true;
end;

it ((res1°res2)<0) and {cutput<trus)
than begin
regulaialsi(it,bet1,bet2,bet3,res1,res2 res3);
it it=15 {Program stops after 15 iterations}
then begin
it (diagw='y') then writaln{'Finished due to it>15");
output:=trua;
end;
end;

if ((res1*ras2)=0) and (oulputotrus}
then bagin
if it=0
then begin
© bat1:=bet1°0.9;
bet2:=bet2°1.1;
res(bet1 ko lrest);
if (diag='y') then writeln{" bet1 ‘bet1:15:10," resi 'res1:15:10);
end

else begin n

bet1:=bat2; -
bel2:=bet3;
res] mras2;
ros2:=res3;
regulafalsi(it,bat1 bat2 ,bet3,res1,res2,res3);

end;

end;

resuit;=bet2;
end;if {diag="y') than writaln{’ *);
eaff=sqr({bet2/ko);
writeln{'===> The apsilon effactive is  ',eaff:6:3);
writeIn{’===> The propagation constant is ',bet2:6:3,' rad/imm");

A3.7



~

end;

procedure pIusplus(n:'integer;E.g1 ,a2: realvar P1,P2,P3: real);
(* Calcul de P1,P2,P3 avec gamal el gama2 reals positifs. *)

var :
$1,C1,T1,82,02,72,83,C3: real;
VW, Y.ZSC2: real;
P11,P12,P31,P32: real;
P21,P22,P23: raal;

a1,a2,a3,b1,b2,b3: real;

" begin

S1:=sinh(g1*ash);
C1:=cosh{g1*ash);
T1:=tanh{gi*ash); -
S2:=sinh(g2's);
C2:mcosh{g2°s);
T2:mtanh(g2's};
S3:=-sinh{g1°h);

+ C3:=cosh{g1*h);

Y:w2'n*pl*E/R/C1/C2/g2/T2/apr+g12°T1);
Z:=-bet2*Efomg/mutiC1/C2/(T14912°T2);
Wi=2'n'pi*Eig1/53;
V:=-bet2*Efomg/mu0/S3;

SC2:=52°C2/g2;{writeln('SC2 ',5C2);}
P11:=ap0*(S1°Y*C1°Y/gi+ash sqr(Y)};

P12:=mu0*{S1*Z*C1*Z/g1-ash"sqr(Z});
P1:=pb* 12)-n*pi‘neta*Si*Y*C1°Z;

a1:=SC2*(sqr(1/epi+sqr{g12°T1));
a2:=s*(sqr{1/epr)-sqr{g12°T1));

ad:m=2°sqr{g12°82)* T1/gi/epr;
P21:=ap0*epr'sqr(Y]C1)*(al+a2+a3),
b1:=SC2*(sqr{T1)+sir(g12});

b2:=s*{sqr(T1)-sqr{g12));

b3:=2"sqr(g12*52)*T1/g1;
P22:=mu0*sqr{Z*C1)*(b1+b2+b3);
P23:=q1*SC2*(1/gbr+sqr(T1))+sqr{S2)" T1*(1/epr+sqr(g12));
P2:=0b*(P21+P22)-n"pi*neta*¥*C1°2"C1°P23;

Qr(W)-S3* W' C3*Wig1);
3*V*V*C3/g1+h*sqr{V));
31+P32)+n"pi"neta*S3"W*C3*V;

P31:=ep0*{h*
P32:=-muQ=

and;

{* Calcul de P1,P2,P3 avec gamaZ-carre negatif et gamal reel. 7)

var
$1,C1,71,52,C2,T2,83,C3: real;
VWY ZSC2: real;
P11,P12,P31,P32: real;
P21,P22,P23: real;

atl,a2,a3,b1,b2,b3: real;

begin
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S1:=sinh{g1°ash);

C1:=cosh(g1*ash);

T1:=tanh{gi*ash); 5
S2:=sin(g2*s);
C2:=cos{g2s);
T2:=tan(g2°s):
53:=-sinh{g1°h);
C3:=coshig1*h);

Y:=2'n'pi"E/b/C1/C2/g21{(g 12 T1-T2/epr);
Z:w-bat2*E/omg/mul/C1/C2/(T14+g12°T2);
W.=2°n"pi‘E/big1/83; .
V:w-bat2*E/omg/mu0/S3;

SC2:-52°C2/g2;

P11 mep0*(S1°Y*C1'Y/g1+ash sqr(Y));
P12:=«mu0*{S1°2*C1°Z/g1-ash*sqr(Z)};
P1:mob*(P114P12}-n"pi*nata*Si°yY*C1*Z;

a1:=SC2*(sqr(1/epr)-sqr{g12°T1)); .
aZims*(sqr{1/epr)+sqrig12°T1));
ad:=2°sqr{g12°S2)*T1/g1/epr;
P21:=ep0°eprisqr(C1'Y)*{al+a2+al);
b1:=SC27(sqr(T1)-sqr{g12));
b2:-s"(sqr(T1)+sgr{g12)}
b3:=2*sqr(g12°$2)" T1/g1;
P22:=mu0*sqr(C1*Z)*(b1+b2+b3);
P23:=g1°3C2*(1/epr+sqr{T1))-sqr{S2)"T1"{1/apr-sqr(g12)); -
P2:w0b*(P214P22)-n*pi*neta*Y*C1"Z2*C1°P23;

P31:=ep0*{h*sqr{W)-S3"W*'C3*W/g1);
P32:m-mu0°{S3*V*C3"V/g1+h*sqr(V)),
P3:wob*(P314P32)+n pi'neta*S3"W*C3*V;

and;

procedure moinsmoins(n: integer;E,g1,92: realvar P1,P2,P3: real);
{* Calcul de P1,P2,P3 avec gamal-carmre ef gama2-carre nagalifs. *)

var
$1,61,71,52,C2,72,53,C3: real;
VWY, Z2.8C2: real;
P11,P12,P31,P32: raal;
P21,P22,P23:. real;

at,a2,a3,b1,b2,b3: real;

bagin
51:msin(g1*ash);
C1:~cos(g1*ash);
T1:=tan({g1 ash};
S2:=s5in{g2°s);
C2:cos(g2°s);
T2:«tan(g2's);
53:=-sin{g1°h);
C3:-cos{g1°h); ’
Y:=-2°n"pi'EM/C1/C2/g2/(g12" T1+T2/epr);
Z:=bot2*E/omg/mu0/C1/C2/(T1+g12° T2},
W:=-2°n"pi"E/b/g1/53;
V:=bet2*E/omg/mud/S3;

SC2:mS2°C2/g2;
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P11:=ep0*(ash*sqr{Y)+S1*Y*'C1*Y/g1);
P12:=mu0*{ash*sqr(Z)-S1*Z*C1°Z/g1);
Pimob*{P11+P12)+n"pi*neta*S1*Y*C1*Z;

al:=5C2*(sqr{1/epr)-sqr{g12:T1));
a2:=s*(sqr{l1/epr}+sqr(gi2*T1));
ald=-2"s5qr(g12°S2)"T1/gt/ept;

P21:=ap0*eprsqr(C1*Y) (al+a2+a3);
b1:=SC2%(sqrig12)-sqr(T1));

b2:=-3*(sqr{g12)+sqr(T1)};

b3:=-2's5qr{g12°S2)"T1/g1;
P22:m-mu0*sqr(C1*2)"(b1+b2+b3);
P23:=g1°5C2"(sqr(T1}-1/epr)+T1*sqr(S2)"(1/apr+sqr{g12));
P2:=0b*(P21+P22)-n"pl"nata*Y*C1°Z*C1*P23;

P31:=ep0*(h*sqr(W)-S3*W*C3"W/g1);
P32:=mu0*(h*sqr(V}+S3*V*C3*Vig1);
P3:=ob*(P31+P32)-n"pi*neta*S3°V*C3°'W,;

~and;

procedure impedance;
(* Calcul de l'impedancs tension-puissance. *)

var
n: integer;
r.q.gamal,gama2: real g
kO.an,P: real;

begin
writeln{"");
a:=a"1e-3;
b:=b"1e-3;
d:=d"1e-3;
h:=h"1e-3;
s=g*18-3;
bet2:=bet2*163;
ash:=a-s-h;
omy:=2"pi‘f;
k0:=omg/(c*1e-3);
rasult;=0;
output:=talse;
n:=0;

while output<strus

do begin
an:=2"n"pib;
r:=-sqrk0)+sqr{an}+sqr{bet2);
q:=-epr*sqr(k0)+sqr{an}+sqr{bet2);
gamat:=sqrt(abs{r);
gamaz:=sqri{abs(q));
gl12;=gamal/gamaz;

if N0 then
) begin

" Ey2i=di;
nefa:=1;

end

alse begin

neta:=2; -
Ey2:=sin{n"pi~d/b)/nipi;



APPENDIX JII: UNILATERAL FINLINE ANALYSIS PROGRAM

" if odd{n}=true then Ey2:=-Ey2;
end;
ob:womg*bet2*b*neta/4;

if g>0then’
plusplus(n,Ey2,gamal,gama2,P1,P2,P3)
alsa begin
if >0 then
plusmoins({n Ey2,gamai,gama2,P1,P2,P3)
elsa :
moinsmoing{n,Ey2,gamal,gama2,P1,P2,P3);
end;
P:=2*((P1+P2+P3)/(sqr(an)+sqr{bet2))}+P;
i abs(sqr{d)/P-rasult)<1a-3 { Arrel des qua lg 3iema chiffre}
then begin {apres la virgula reste stable.}
it (dlag="y'} then writeln{No changa in 3rd decimal of Zo");
output:=tiug;
end;
it n=n1 then output:=true;
Ni=n+1;
result:=sqr(d)/P;
and;
wrimlr\('---:. The impedance Z(V,P}is  “sqr(d)/P:6:2,' Ohms?);
ond;

{MAIN BLOCK BEGINS}

bagin
lextmode({bwB0}; { screan mode: 25 lignes de 80 caracteres }
getinput;
8p0:=8.854188e-12; { permitivite du vide en F/m }
muG:=pi*de-7; { permeabilite —--— en H/m}

case ic of
1: cutoff;
2: begin
propcanst;
it abs(eali-eelfe)>{0.1"esff)
then bagin
oolia:masfi;
propeonst;
and;
impadance;
and;
3: begin
cutoff:
propconst;
it abs(ealt-aeffe)>{0.1°eall)
then begin
esffe:=osif;
propconst;
end;
impedance;
end;
end;
and. :
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