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Prediction of Wide-Band Power Performance
of MESFET Distributed Amplifiers Using
the Volterra Series Representation

CHOI LOOK LAW anD COLIN S. AITCHISON

Abstract —The power performance of a four-section MESFET distrib-
uted amplifier is predicted over the frequency range 2-8 GHz. The
nonlinear model of the MESFET used has three nonlinear elements: Em»

84, and (., which are represented by power series up to the third order.

The analysis employs the Volterra series representation up to the third
order. Experimental verification is first made on a 0.5X 400- pm medium-
power MESFET device to confirm the validity of the nonlinear model used
in the analysis. The agreement between predicted and measured output
power at 1-dB gain compression is within +0.5 dBm across the 2-16 GHz
band. A four-section distributed amplifier was then built with four 0.5%
400-pm MESFET’s. The agreement between predicted and measured
output power at 1-dB gain compression of this amplifier is within
+0.7 dBm across the 2-8-GHz band. The measured output power at 1-dB
gain compression is (22+ 1) dBm across the 2-8-GHz band.

I. INTRODUCTION

ERY WIDEBAND solid-state GaAs MESFET ampli-

fiers have been developed in the form of distributed
amplifiers [1]. Most of these amplifiers are designed for
low noise [2] and for operation in small-signal conditions
[31-[5]. There is a growing need to operate these amplifiers
under large-signal conditions to give high output power.
Kim ef al. [6] have designed a distributed amplifier with
0.8-W output power at 1-dB gain compression. Their anal-
ysis, however, did not attempt to tune circuit elements for
maximum output power. Such analysis requires a wide-
band nonlinear model of the GaAs MESFET used and an
efficient nonlinear analysis program.

Yamaguchi et al. [7] have made some effort to simulate
the large-signal GaAs MESFET performance by numerical
solution of the two-dimensional nonlinear differential
equations describing the electron transport in the channel.
The long computational time required to do this makes
this approach impractical in circuit analysis and design
programs. A device model was developed later by Willing
et al. [8] using a quasi-static approach by measuring
small-signal scattering parameters at a number of operat-
ing points to formulate an equivalent circuit, some of
whose elements are bias-dependent. They then use poly-
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nomial forms to approximate these nonlinearities and a
time-domain analysis program to calculate the large-signal
device characteristics.

Peterson et al. [9] used the above method and extended
their model to include effects of drain-to-gate breakdown
currents and forward gate conduction. The circuit response
was analyzed in the frequency domain and results were
compared with those measured across the 8-18-GHz band.
Measuring small-signal scattering parameters at many dif-
ferent operating points and then optimizing to get the
equivalent circuit at these operating points make the above
method rather laborious. Tajima et al. [10] used an alterna-
tive approach in the derivation of a nonlinear model. They
postulate that the large-signal device properties are
governed primarily by the transistor dc characteristics.
This model was later extended to include drain-to-gate
breakdown currents [11]. They then used the extended
model to design a broad-band amplifier in the 7-18-GHz
band.

This paper presents a wide-band nonlinear model of a
MESFET in which the model elements are obtained easily
by dc measurements, low-frequency measurements, and
optimization of small-signal scattering parameters at one
bias point. The three nonlinear elements considered are
8m» 84> and C,; these are represented by power series up
to the third order. The nonlinear analysis employed is that
of the Volterra series representation up to the third order
[12]. The validity of the model is confirmed by comparing
measured and predicted output power at 1-dB gain com-
pression of a 0.5x400-pm MESFET device across the
2-16-GHz band.

Also, the prediction of power performance of MESFET
distributed amplifiers using the nonlinear MESFET model
above, in conjunction with a highly efficient frequency-
domain analysis, is presented for the first time. The non-
linear transfer functions [12] are computed using four-port
chain matrix multiplications. The analysis is first checked
by comparing the simulated power performance of distrib-
uted amplifiers having sections that vary in number from
one to four with that simulated using SPICE2 [13]. A
four-section distributed amplifier employing four 0.5x
400-pm MESFET’s is then built on Al,O, substrate to
verify the analysis experimentally.

0018-9480 /86 /1200-1308%01.00 ©1986 IEEE
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MESFET nonlinear equivalent circuit.

Fig. 1.

II. MESFET NoONLINEAR MODEL AND NONLINEAR
ANALYSIS

The elements of the nonlinear equivalent circuit as shown
in Fig. 1 can be divided into two types: linear elements
and nonlinear elements. Values of these elements for a
medium-power device biased at V, = —~1.0 V and V, =
8.0 V are tabulated in Table 1. The linear elements are
obtained by optimization of small-signal scattering param-
eters of the MESFET biased at its required operating point
to give maximum output power.

The three nonlinear elements are g,,, g,, and C,,. Al-
though g, is a function of V,, and V,,, we restrict the
nonlinearity of g,, to be a function of ¥ only for simplic-
ity; it is expressed as ’

8= 8my T mVes + V- (1)

This power series represents the instantaneous value of g,
when driven by an ac voltage Vs, at the biased dc voltages
Ves and Vpg. The coefficients g, , g,,, and g, are found
by a least-square polynomial curve-fitting routine to fit the
slope of the measured dc curve I, versus V,, at the biased
Vs and V.

Similarly, g, is a function of V,, and V,,. For simplic-
ity, we restrict the nonlinearity of g, to be a function of
V,, only; it is expressed as

2

This power series represents the instantaneous value of g,
when driven by an ac voltage V,_ at the biased dc voltages
Vs and Vpg. Again, the coefficients g, , g,, and g, are
found using least-square polynomial curve-fitting routine
to fit the measured curve of g, versus ¥V, at the biased V¢
and V.. The curve of g, versus ¥, is measured with a
100-kHz signal using a technique similar to that employed
by Mo and Yanai [14]. The 100-kHz signal is superim-

8a=8uyt 8aVas t gszdzs'
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TABLEI
VALUES OF THE NONLINEAR MODEL FOR A 0.5 X 400-pm
MESFET
neooon Vpg=B-0v Vpgs-1.0v I, =50mA
tg= Ldg-
0.46nH, 0.02)pf ,
Rg= Rog: gm=36.5+2.4Vgs-1.0ugs” (m3)
D.S ohm 29 ohm
Ri= Cds=
5.4 ohm | D,06pF. ,
As= fd= gd=1.6-0.2Vds+0.02vds" (mS)
2.0 ohm 3.0 obhm
Ls= id=
B.1 nH, 0.5 nH. tgs:IJ.'SS.U.2‘195c0.!)6\lgs'2
Cs- (pF.)
0,15pF,

posed on the drain bias voltage and applied to the
MESFET. The resultant ac voltage across the drain line is
then measured. The drain is then substituted by a
variable-resistance box. The conductance which gives the
same ac voltage across it denotes the value of g, at the
biased V. This bias voltage is varied and its correspond-
ing value of g, is measured to get the variation of g, and
V4. It should be noted that the amplitude of the 100-kHz
signal applied should be as small as possible.

The nonlinearity C,, is approximated by the Schottky
barrier diode capacitance between the gate and the source
with V¥, as the sole voltage parameter. The least-square
polynomial curve-fitting routine is used to fit the calcu-
lated values of C,, from Schottky barrier theory into a
power series of the form

Cpo =Gy, + G Vi T C, V2

851 851 85y 8s° (3)
This power series represents the instantaneous value of C,,
when driven by an ac voltage V,, at the biased dc voliages
Vs and Vi

The output y(z) of a linear system can be related to its

input x(¢) as
p()= [ WT)x(t-1) @)

where A(T) is the transfer function of the system in the
time domain. When the system becomes nonlinear, the
output can be related to its input by the Volterra func-
tional series /

s(0= £ £ 9
where - ‘
E() =" o [ hy (T T)x(1-T)
T enydnar. @)

This series is convergent if a definite value of the func-
tional corresponds to every function x(¢). This is true for
the nonlinear system above since there is only one steady-
state output y(z) for a given input x(1).
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Fig. 2. Schematic diagram of an n-section distributed amplifier driven under large-signal condition.

For a system with mild nonlinearities, the output y(¢)
can be related to its input x(¢) by the first three terms of
the Volterra series [12] as

y(0)= [ m(T)x(t-T)ar

+ [[7 b1 T)x(e = T,)x(e 1) dTy aT,
— o0

+ f?fh3(Tl, T,,T,)x(t = T))x(t— T,)x(t = T3)

-dT,dT,dT,+ - -~ (7)

where h(T), h, (T}, T;), and h4(T,,T,, T3) are the first- |
second- , and third-order Volterra kernels, whose Fouriers
transforms H,(W), H,(W,,W,), and H,(W, W,,W}) are
their respective transfer functions in the frequency do-
main.

An efficient method of solving the transfer function of a
system with power-series-type nonlinearity is the nonlinear
current method described by Bussgang et al. [15]. Based on
this method, the nonlinear transfer function T, (W0) at
the fundamental input frequency of the MESFET driven
with one-tone input can be expressed as

Ty (W0) = Hy(W0)+3 /47, (WO)V,,(— WO0) H,
(W0, W0, —Wwo)+ ---  (8)

where the available power of the source can be expressed
as

P,,(W0) =V2(W0)/8Re[ Z,,(W0)]. ()

From (8) and (9), the transducer gain of the MESFET
embedded between 50 £ at the input and output can be
expressed as

G (W0) = 4|H,(W0)+6P, (WO0)Re(Z,,)
H, (W0, W0, —W0)|>+ ---. (10)

From (10). we can sec that the gain is made up of two
parts. The first is a linear function. H;(W0). The second

part is proportional to the third-order nonlinear transfer
function H,(W0, W0, — W0) and it increases with increas-
ing available input power. Re[ H;(W0, W0, — W0)] usually
have opposite signs to Re[ H,(W0)], thus resulting in gain
compression as the available input power increases. This
theory applies until the real part of the transfer function
Ty (W0) becomes negative. From (8) and (9), that can be
expressed in the inequality

H,(W0)
| ', (wo, wo, — wo)
6Re(Z,) (11)

This inequality defines the range of available input power
to the system in which the power gain expression in (10)
holds.

111.

R

> P, (W0)=0.

DISTRIBUTED AMPLIFIER NONLINEAR ANALYSIS
USING VOLTERRA SERIES

Fig. 2 shows an r-section distributed amplifier with the
MESFET’s represented by a unilateral nonlinear model.
When the input and output signals are small, the amplifier
is said to be operating in the linear region. From (1)—(3),
the nonlinear elements in the MESFET’s reduce to their
first-order coefficients g, . g, and C, . The linear trans-
fer function can be easily found by four-port transmission
matrix multiplications. As the input signal increases, the
instantaneous values of g, g,, and C,, change with the
level of the input signal. The amplifier is now said to be
operating into its nonlinear region. Provided the nonlinear-
ities are mild, the output of this amplifier can be repre-
sented by the Volterra series up to the third order [12], as
in (7). The Fourier transform of the Volterra kernels gives
their respective nonlinear transfer functions in the
frequency domain. Using the nonlinear current method
[15], the second-order mnonlinear transfer function
H,;(W1,W2) can be found by replacing the nonlinear
elements by their respective second-order nonlinear cur-
rents across them. If the nonlinearity C,; is negligible (i.e.,
its effect is small compared to g, and g,), we can neglect
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the interactions between the second-order gate voltages of
all the MESFET’s. By applying the theory of superposition

(12)

where H,; (W1, W2) is the second-order nonlinear trans-
fer function with the ith MESFET being nonlinear while
the rest are all linear. H,; (W1,W2) is solved by first
solving for the currents in the ith MESFET. Referring to
Fig. 3, this can be done by solving the following matrix

Y Hy, (W1,W2)

=1

H,, (W1, W2) =

H,(W)|=1211 Zz12 Z13|| 111

H, (W) |=|Z21 Zz22 2Z23]||I21

Hy,(W){=12Z31 Z32 233|131
where

W' '=W1+W2

Z11=Z,,(W')+ Z(W')+ Z(w’)

Z12=—-Z,(W") |

Z13=-Z,(W")

721 = — {Z W)+ ngZdS(W JIW'C
ZN=Z,(W')+ Z,(W')+ Z, (W)
+ 8o Zas(W') /JWCy,
723=-27,(W’),
Z31=—[2(W')~ g, Zss(W") /jW'C, ]
Z32=|Z, (W) + 8, Zas(W") /iW'C
Z33=Z, (W) + Z,(W")+ Z(W")
H, (W) =12¢,/JWCy,
Hy(W') = [12g,,+ 128,12, (W")
— Hoy(W)[1+ 8,24, (W"))]
Hy (W) == [Hp(W')+ Hy(W")]
I2cg=jW’Cgslch(Wl)ch(Wz)
12g,= 8, ch(Wl)ch(WZ)
I2g,=38, H,p(W1)H,p(W2).

8So]

o]

Z., (W") and Z, (W) are the input and output impedances
seen by the nonlinear MESFET considered. These imped-
ances are therefore related to the characteristic impedances
at the gate and drain line of the distributed amplifier. They
are found by transforming the transmission matrix of a Z
matrix. This transformation, together with some essential
elements in four-port transmission matrices, is presented in
the Appendix. Similarly, H;, (W1, W2, W3) can be found
by replacing  the nonlinear elements by their respective
third-order nonlinear currents. By going through the same
procedure as in the derivation of second-order nonlinear
transfer function, H,, (W1, W2, W3) can be expressed as

Y Hy, (W1, w2,W3). (13)

i=1

H,, (W1, W2,W3) =

1311

Zos(w')

e

861

I2gm{129d

ZL(ur)
1321

2s(u")

Fig. 3. Schematic diagram of a MESFET driven by second-order non-

linear currents.

H,,,(W1,W2,W3) is solved by solving the matrix (Fig. 4)

H,(W") zin z12 zi3|[n3
Hy, (W) Z1 z2 723|123
Hy(w) |=|z31 z32 733|133

where
W' =W1+W2+ W3
Z11=Z, (W")+ Z,(W") + Z,(W")
Z12=-Z,(W")
Z13=—-Z,(W")
Z21 == [Z(W")+ 8, Zs(W") /jW"Cp,
222 =Z (W")+ Zy(W")+ Zy(W")

+ ngst(W“)/jW”Cgso

Z32=-Z,(W")
Z31=—[z(w")-

i Zas (W) /1WC |
230 =~ [ Z4(W")+ 8, Zay(W") /W C,, ]
Z33=Z,(W")+Z,(W")+ Z(W")

Hy;(W”) =3¢, /jW"C,,,

Hy,(W")=2Z,(W")[13g, + I3g,]

— Hyy (W) 1+ 8, Z0s (W)

By (1) = =) 1)

e, = jW”Cgs;H1C(W1) H (W2)H,(W3)

+2jW"C,y Hy (W) Hy (W2, W3)
8m,Hic(W1) H o (W2) Hy(W3)
H,(W1) H, (W2, W3)
13g,= g.,Hip(W1)H,,(W2) H, ,(W3)

I3g,, =

+2gm

+2g, H,p(W1)H,,(W2,W3)
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Fig. 4. Schematic diagram of a MESFET driven by third-order nonlin-
ear currents.

where the overhead bar indicates symmetrization. We can
now summarize the whole process of determining the
nonlinear transfer function 7, ,(W0) of the n-section dis-
tributed amplifier with one tone input by the following
flow chart:
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T
2ND ORDER TRANSFER FUNCTIONS AT THE GATE
JAND DRAIN OF FET "i" AND TRANSFORM THEM TO THE
GATE AND DRAIN LOADS BY T MATRIX MULTIPLICATIONS
[0 GET Hy, , (WO,W0) AND Hyuy (WO,WO)

sz

NO

ICOMPUTE

12, (W0, W0) = 2o ; (WO,W0), Hpg(WO,WO0)= & Hyg, (WO, WO)|

[COMPUTE H, . (WO,WO0),H, (WO0,W0) FOR FET "i" AT w’=2wo\(—1
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|
|
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\
|
|
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SUBROUTINE 2 '
1
1
!
1
|
f
|
|

EPEAT SUBRCUTINE 2 FOR W'= 0 &1 TO GET H,,(WO0,-WO0),
H,p (W0,-W0), Hyo (WO,-W0) AND Hzl(wo,-w0§

A
COMPUTE I3cg,I3gm,I3gd,Zin(W”") AND 21(W~ ) FOR FET "i"
AT W™= WO

1
COMPUTE 3RD ORDER TRANSFER FUNCTIONS AT THE GATE AND DRAIN
OF FET "i" AND TRANSFORM THEM TO THE GATE AND DRAIN LOADS
BY T MATRIX MULTIPLICATIONS TO GET Hg, (WO,WO,-W0) AND
gy (WO,HO,-H0)

NO
Hop (WO, WO0,-W0)= & Hap, (WO,W0,-WO)
‘ 3L Lo B, & S 3LL ’ ‘
H3q (WO,W0,-W0)= & Higy (WO,WO0,-WO)

TNA(W0)=H1(WO)+3/UVin(WO)Vin(—WO)H3L(W0,H0,—WO)]
+

........... (14)

PRINT RESULTS]
STOP)
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The voltage across the output load of the amplifier at
the fundamental input frequency is given by

VOL(WO) = TNA(WO) Vin(WO)‘ (15)
The power dissipated across the load due to V,,; (W0) is
Poyr(W0) = IVOL(WO)IZ Re [ZI(WO)]/IZHWO) .
(16)

The available input power from the source is given by (9).
The transducer gain of the amplifier can thus be expressed
as

Gra(W0) = 4Re [ Z,(WO0)] Re [ Z,(W0)]/
[1Z,(w0)?] |H,(W0) +6P,,(W0)

-Re[Z,(W0)] Hy(W0, W0, — W0)|2+ - - -.
(17)

Re[H,(WO0,W0, —WO0)] usually has signs opposite the
Re[ H,(W0)], resulting in gain compression as the available
input power increases. The range of available input power
to which this theory applies is given above by inequality
(11). The output power of an amplifier is usually quoted at
1-dB gain compression, From (16), the corresponding
available input power P, 45(W0), can be expressed in
dBm as

P, a5 (W0) =12.6—10log,, [ — Re [ Z,(W0)]
-Re[ Hy (W0, wo, — wo)/H,(W0)]]. (18)

Since P, (W0) = G,(W0)P,,(W0), the output power 1-dB
gain compression can be expressed as

Pyuan(W0) =10log;o{4Re[ Z,(W0)| Re [ Z,(W0)]
| Hy (W0)*/|Z,(W0))? }
—101log,o{ —Re[Z,(W0)] Re [ Hy(WO0, WO,
— WO0)/H,(W0)]} +11.6---. (19)

We can see that the output power at 1-dB gain compres-
sion is dependent on the functions H,(W0) and
H,(W0, W0, — W0) and on load and source impedances.
Note that the second term has a negative sign inside the
log,, function. This is multiplied by the negative sign
resulting from Re[ H,(W0, W0, — W0)/H,(W0)] to give a
positive value. The nonlinear analysis is incorporated into
a computer program names LSDAR.

IV. EXPERIMENTAL VERIFICATIONS AND
Discussions

This consists of three parts. This first is to verify the
validity of the nonlinear model across the 2-16-GHz band
by comparing predicted and measured transducer gain,
versus available input power at a number of chosen fre-
quencies across that band. The second part verifies the
validity of the distributed amplifier nonlinear analysis
using the Volterra series up to the third order, across the
2-8-GHz band. This is done by comparing the simulated
power performance of one-, two-, and four-section distrib-
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Fig. 6. Predicted and measured power gain versus available input power
for a 0.5 X400-pm MESFET at 8§ GHz.

uted amplifiers at a number of frequencies with those
simulated by SPICE2. The third part examines the predict-
ed and measured output power at 1-dB gain compression
for a four-section distributed amplifier employing four
0.5 X 400-pm MESFET’s.

A. Verification of Nonlinear Model

A 0.5%X400-pm NEC MESFET was embedded between
50-Q input and output microstrip lines built on 1-in-square
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Fig. 7. Predicted and measured power gain versus available input power
for a 0.5 X 400-pm MESFET at 12 GHz.
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Fig. 8. Predicted and measured power gain versus available input power
for a 0.5 X 400-pm MESFET at 14 GHz.

alumina substrate. The device nonlinear model was first
found using the method described earlier in this work, and
the values of the elements are shown in Table 1. The power
performance of the MESFET was predicted and measured
using the setup shown in Fig. 15 across the 2-16-GHz
band. The validity of the nonlinear model was checked by
plotting the transducer gain versus available input power
at a number of frequencies (Figs. 5-8). The agreement of
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Fig. 10. Simulated power performance of distributed amplifiers with
one, two, and four sections at 2 GHz.

1-dB gain compression between the predicted and mea-
sured output power was within £0.5 dBm (Fig. 9).

B. Comparison Between Simulated Power Performance of
Distributed Amplifiers using LSDAR and SPICE?

The power performances of one-, two-, and four-section
distributed amplifiers were simulated using the nonlinear
analysis program LSDAR described in this work at various
frequencies across the 2-8-GHz band. The results were
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Fig. 12. Simulated power performance of distributed amplifiers with
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compared with those simulated using SPICE2. The values

of the nonlinear elements, corresponding to a 0.5 X 200-m
MESFET, used for the simulations were

C,,=021+045V, (pF)
8w =37.0+12.5V,,—4.2V2 (mS)

g,=2.43-0.63V, +0.03V2 (mS).
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Fig. 13. Simulated power performance of distributed amplifiers with

one, two, and four sections at § GHz.

The agreement between the simulated power using LSDAR
and SPICE2 (Figs. 10-13) was very good. It should be
noted that SPICE2 is a time-domain analysis program
requiring around 30 min CPU time on the Harris 500
minicomputer to compute the output power for a four-sec-
tion distributed amplifier with 10-dBm available input
power at 8 GHz. The program LSDAR, in comparison,
gives the full power performance across the 2-8-GHz band
in less than 2 min on the same computer.

C. Comparison Between Predicted and Measured Qutput
Power at 1-dB Gain Compression

A four-section distributed amplifier employing four 0.5
X 400-um MESFET devices was built on 1-in-square
alumina substrate using the lumped components technique
[16]. A photograph of the amplifier is shown in Fig. 14. All
the inductors were realized using 25-pm-diameter bond
wires. Padding capacitors in the form of open-end.micro-
strip lines were distributed along the drain line to enable
the signals propagating down the gate line to be in phase
with those in the drain. The power performance of this
amplifier was measured across the 2-8-GHz band using
the setup shown in Fig. 15. The predicted and measured
output power at 1-dB gain compression (Fig. 16) is (22+1)
dBm with small-signal power gain of (5+2) dB. The
agreement between the predicted and measured results is
within +0.7 dBm. -

Simulations have been made on distributed amplifiers
beyond 8 GHz using the program LSDAR. It has been
found that the theory cannot model the gain compression
properly, especially when the amplifier has more than two
sections. In some cases, gain expansion is observed. This is
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Fig. 14. Photograph of the four-section distributed amplifier.

believed to be caused by the fact that we have neglected
the effects of interactions between second- and third-order
gate voltages of the MESFET’s. These interactions can be
significant at higher frequencies because of the feedback
from drain to gate. Also, we have only considered three
terms in the Volterra series expansion. Analysis using
SPICE2 in such cases shows that the fourth and fifth
harmonic output components are significant. Work is un-
derway at the moment to include these interactions be-
tween MESFET’s at the gate and also to expand the
analysis up to the fifth order.

V. CONCLUSIONS

A wide-band nonlinear model for GaAs MESFET de-
vices is demonstrated to be valid up to 16 GHz. The
frequency-domain nonlinear analysis based on the Volterra
series representation up to the third order can predict 1-dB
gain compression of distributed amplifiers across the 2-8-
GHz band. By simulating the power performance with one
nonlinear element at a time, the major cause of gain
compression can be identified. Expressions for the nonlin-
ear transfer functions of a distributed amplifier can be
derived in terms of its circuit parameters using the analysis
presented in this work. The design of distributed amplifiers
can then be optimized for maximum output power at the
1-dB gain compression. This analysis can also be easily
modified to predict third-order intermodulation.

APPENDIX

Four-port transmission matrix for impedances:

: | S y
v 1dl- le? 2d vuzﬁ\ Td2=

Vgl
Igl=

% & Vo J7 Ig2w

val [1 z, 0 0 ][V
I 0 1 -0 0 || L,
Va| |0 1 z, ||V,
I, 1 0 1 || 1,
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Predicted and measured output power at 1-dB gain compres-

sion together with small-signal power gain for a four-section distnibuted
amplifier. Results are predicted with g, =36.5+1.9V; *Z.IV;S (mS)

Four-port transmission matrix for MESFET in terms of its

two-ports Y parameters.

T ualT G _-[_—j‘[g deT e
Idl -
v91J7 vQ2J7

Igl = - 1g2
Vi 1 0 0 0V
Iy || Y22 1 Y21 01| I,
Vall O 0 1 0|l 7,
Iy || Y12 0 Y11 1)1,
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WITH 6910
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Experimental setup for measuring power performance.

Transformation from 7T matrix to Z matrix.

Z11= (T11T43 — T13T41) /(T21T43 — T23T41)
Z12 = (T11723— T21T13) /(T41T23 — T217T43)
721 = (T33T41 — T317T43) /(T23T41 — T21T43)
722 = (T21T33— T31723) /(T43T21 — T41T23)
Z31=T43 /(T21T43 — T23T41)

732 = T23 /(T41T23 — T43T21)
Z41=TA1/(T23T41 — T21T43)

Z42 = T21/(T43T21 - T41723).

The K symbol below indicates the inverse of the T matrix:

713 = K43 /( K21K43— K23K41)

Z14 = K23 /( K41K23— K43K21)
Z23=K41/(K23K41— K21K41)

724 = K21 /(K43K21 — K41K23)

733 = (K11K43 - K13K41) /( K21K43— K23K41)
Z34=(K11K23— K21K13) /( K41K23 — K21K43)
743 = (K33K41~ K31K43) /(K23K41 — K21K43)
Z44 = (K33K21 — K31K23) /( K43K21 — K41K?23).
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