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Invariance of Sy;/S;2 and K-Factor under Parallel
Operation of Linear Two-Port Devices

Motoharu Ohtomo

Abstract—Based on a generalized circuit model for parallel-operated
amplifiers with linear two-port devices, it has been proved that the
S-parameter ratio S21/S12 and hence MSG (Maximum Stable Gain)
are invariant as long as the devices have an identical value of S31/512
and the input and output networks are reciprocal. The invariance of
K-factor has been shown to hold for two cases: (i) devices are identical
and input/output networks are lossless and symmetric with respect to
each device, and (ii) identical admittances are added to the networks of
case (i) so as to connect every device port with each other. Thus at least
in these two cases, MAG (Maximum Available Gain) and U (Unilateral
Gain) are invariant as well as MSG under parallel operation of linear
two-port devices. The invariance of S; /S12 and hence MSG applies to
a variety of parallel-operated amplifiers such as distributed amplifiers
and linear power amplifiers.

I. INTRODUCTION

MSG, MAG, and U are the parameters indicating the performance
level of a linear two-port device or amplifier circuit, and are given in
terms of .S-parameters and K-factor of the device or the circuit as [1]

MSG = |S21/S2]
MAG = MSG/(K +VEZT = 1)

- |S21/812 — 1
2K|521/312] -2 Re(521/512) )

U

To build an amplifier, the device is imbedded in a circuit cascaded
with reciprocal input and output networks. The MSG of the amplifier
is unaffected by input and output parasitics [1]. Actually the ratio
S21/S12 is invariant as can easily be seen from the facts that the
overall T-matrix of a cascaded linear two-port network chain is given
by multiplying individual T-matrices and that the determinant of
T-matrix is equal to Sz1/S12 [2]. Meanwhile the K-factor of the
amplifier is equal to or larger than that of the device depending on
whether the input and output networks are lossless or not [3]. Thus
contrary to MSG, MAG and U of the amplifier become smaller than
that of the device for lossy input and output networks.

In distributed amplifiers and some types of power amplifiers,
multiple two-port devices are connected in parallel via reciprocal
networks such as hybrids and distributed lines. These amplifiers can
generally be represented by an equivalent circuit as shown in Fig. 1,
where m two-port devices (#1 — #m) are imbedded in parallel
between n-port reciprocal networks A and B, where n = m 4 1.
It is then of interest to examine whether invariant properties as in the
single-device amplifier exist or not.

This paper addresses the invariance of S21/512 in the generalized
parallel-operated amplifier and shows that, if each device has an equal
value of S21 /512, the Sa1/S12 of the amplifier is equal to that of the
devices. It is also shown that the K-factor is invariant, if each device
is identical and the networks A and B are lossless and symmetric with
respect to each device. Addition of identical admittances connecting
every device port with each other also leaves the K-factor invariant.
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Fig. 1. Generalized equivalent circuit of parallel-operated multi-device am-

plifier, where #1 — #m are linear two-port devices, networks A and B
reciprocal n-ports, (a,,b,) and (al, b)) incident and reflected waves at port i
andi (1Li<n),and n = m+ 1.

II. INVARIANCE OF S31/S512 UNDER PARALLEL OPERATION

If S21/S12 of the devices in Fig. 1 has an identical value denoted
here by +, it can then be shown that Ss;/Si2 of the two-port
regarding ports » and n' as ports 1 and 2, respectively, is also equal
to ~.

Proof: Let Sy and Sp be the n x n S-matrices of network A
and network B, with ij component Sa,, and Sg.;, respectively. Sa
and Sp can then be represented by

i SAm | sﬂ
Spg=| ———|—— and
| SA I SAnn
[ SBm | 3135
Sp=|———]——— |,
L SB | SBnn
where
(SAm)l',j = 844y, 154, JjEm,
(SBm),’J = Ssz . 1 é ia .7 § m,
84 = [SAln, SA2n7 rrry SAmn],
8B = [SB1in, SB2n, "+, SBmn]

and the superscript T indicates the transpose of a matrix. Note that
S 4 and S, hence S A, and Sy, are symmetric matrices. Denoting
the S-matrix of the kth device (1 £k S m) as

S (k)l S (’ﬂ)2 ]
S s

we define diagonal matrices Spy1, SDia, SD21, and Spa, by

Spij = diag [s,gl,?j, LICTN sgv;;,], 1<4,j<2

where Sl()lt)j, S 1()23,» -+ - are diagonal components.

Let the incident and reflected waves at port i of network A and at
port i’ of network B be (a;, b;) and (a,, b, ), respectively. Then from
the definition of S-matrix, we have

b = Sam@m + an 3£ 3 (1)

b, = SBmGm + 4h 85 , @
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bn = 8SA0m + anSAnn s (3)
b;z = SBalm, + alnSBnn ’ (4)
am = SDubm + SDlzl#n. ’ (5)
alm = SD21bm + SDzzb;‘n P (6)
where
Am = [alaa2w e 7am]T7
bm = [bl’bZa e wbm]T’
a/;n = [a’ba;s"'aaf[m]’ra
bl = [b5, 85,5 ] T

By substituting (1) and (2) into (5) and (6), we have
(SDnSAm - I)a:m + SDlszma;n

T 14 T
= _anSD115A - anSDlsz s (7)

5D2184mam + (Sp225Bm — I)a;n
= —(lnSD21s£ - a:zSDzzsg (8)

where I is the m x m identity matrix. Equations (7) and (8) can then
be solved for @, and a,, to give

Qm =anFG8£+d;F8§, (9)
an =a,F'sh+ad,FGs5, (10)
where

F= [(SBmSDzz - I)SB;Z(SDuSAm - I)

—1
- SBmSDzlsAm] 5
G= SBmSD21 - (SBmSDzz - I)SB:QSD115
F' = [(SamSpss ~ 1S53 (SpasSpm — 1)

~ $4m8p12Sm]
G' = SamSD1z — (SamSD11 — )S5Da: Spaz -
Substitution of (9) and (10) into (3) and (4) finally yields
bn = Stian + Stuan,,
b, = Suian + Suna, ,

where 511, Stu, Sti, and St are the S-parameters of the two-port
with port I (port n) and port II (port n'), and given by

811 = Sann + s4aFGsY,

Sii = 84 Fs%, (11)
St = spF'sy = saF'” s5,
Sttt = Spun + SpF' G'sh . (12)
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Fig. 2. Generalized equivalent circuit of Fig. 1 showing voltage and current
definition at each port.

If 51()12)1/ 51511)2 = 511()22)1/ 5521)2 =
SD21 = ’YSDlz, we have
F = [(S5mSpass — DS53(Sp1sSam — I)
-1
- SBmSDleAm]
= ~F.
Hence form (11) and (12) we obtain
Sui/Si =7,

= 51(77;1) / ngz) = ~ holds, i.e.

(13)

which completes the proof.

III. INVARIANCE OF K-FACTOR UNDER PARALLEL OPERATION

Invariance of K-factor under parallel operation of identical devices
is shown in the following two cases. In case 1, the reciprocal
networks A and B are assumed to be lossless and symmetric with
respect to ports 1-m and 1’-m’. In case 2, identical admittances are
added to the networks A and B of case 1, respectively, so as to
connect every port of 1-m and 1’-m’ with each other.

To facillitate the analysis, Y-parameter representation is used. From
(A1)—(AS6) in the Appendix that relate port currents and voltages
defined in Fig. 2, the Y-parameters of the two-port regarding ports n
and n' in Fig. 2 as ports I and II, respectively, can be derived in a
similar procedure as in Section II, giving

Y—II - YAnn - yAPQy£7 (14)
Yin = yaPyg,
Yir = ys Py, (15)

You = Yanr — ysP' Q'yE.
where
P=[(¥ps+Yam)Y 5oa(¥YDis + Yam) = Yuu|
Q= (Ypa+ Yum) Y.,
P = [(YDp11+Yam)Y 5oy (YDaz + YBm) = Ypua]
Q' =(Ypu+Yan)Yp,.

The definitions of the right-hand-side matrices in the above equations
are given in the Appendix. Note that Yi11/Yim = v if Yp,, =
~Y pia, being consistent with (13).

Now let us assume in the following that the devices (#1 — #m)
are identical. Denoting ngf} =Yp,, for 1 £ k £ m, we have

Y pij =Yp,,1, 14, Jjs2.
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Case 1: If the networks A and B in Fig. 2 are assumed to be
symmetric with respect to ports 1-m and 1'-m’, we have

yrAu = YA)\a )/—Bu = YB)\* 1 é i é m,
YAzjzyAu, YBz] =YB;“ léz:/é]gm’
Yiamm = YAV7 Yan = YBVs 1 g i é m.

After some lengthy calculation, the components of the m X m
matrices, P and @, are calculated to be

(P), , = Ypiz[s + (m = 2)t]/{(s — t)[s + (m — 1)1]},

1<i<m, (16)
(P),;=-Yput/{(s=t)[s+(m—-1)t]}, 1Zi#j<m
17
Q). =Ypi:[YD22 + V], 1Zi<m, (18
Q),, =YpiYsu, 1Si#jZ<m, (19)
where
s = Yp11Yp22 — ¥Yp12¥pa1 + Y22 Yar + Yp1: Ve
4+ YarxYea+(m = 1)Y4,. Y5,
t =YYy +Y4,.Yer + Yp2oYa, + Y511V,
+ (m—2)Y4,Va,.
Substituting (16)—(19) into (14) and (15), we finally obtain
Yi1 = Yana — mY4,[Ypoo + Yar + (m — 1)Ys,]/D, (20)
Yin = mYaYe, Ypi2/D (21
where
D=s+(m—1¢=[Yp11 +Yar+ (m— 1)Y4,]
- [¥p2z + YBr + (m — 1)YB,]
— Ypi12Ypar .
Similarly we obtain
Y1 = mYa,Ys,Ypa1 /D, (22)
Vit = Yann — mY3,[Yo11 4+ Yax + (m — 1)Va,]/D.  (23)

Then it can be shown that the two-port with Y -parameters given
by (20)—(23) is equivalent to the cascaded circuit in Fig. 3, where
network I, device, and network II, have Y -matrices [Y1], [Y p] and
[Y11], respectively, with the definitions given in the same figure.

If we assume that the networks A and B in Fig. 2 are lossless,
their Y -matrices are pure imaginary, and so are [Y7] and [Yi],
indicating that the networks I and II in Fig. 3 are also lossless. Hence
the K-factor is left invariant as in the single-device amplifier [3].
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Fig. 3. Equivalent circuit of Fig.2 when devices are identical and
networks A and B are symmetric with respect to each device. Y-matrices
of network I, device, and network II are also shown.

Case 2: Let us consider a case in which admittances, Y45 and
Yms are added to modify the networks A and B of case 1 so that
every port 4 and ¢’ (1 £4 £ m) is connected via Yas and Yrs with
every other port j and j' (1 € j £ m,j # i), respectively. Here Yas
and Y5 need not be pure susceptance. Then the Y-parametets of the
modified networks A and B, Y}, and Y3,;, are given by

Yi,. = Yir = Yar + (m — 1)¥as,

1<iSm,
Vi = Yoy =Var + (m— 1)Vgs, 1<i<m,
Viij=Ya,=Yau—Yas, 12i#j<m,
Y6, =Yg, =YB,—Yps, 1Zi#j<m,
Yiin = Y4, = Yau, YBin = Y5, = Ya., 1Sism.

t '
YAnn = )rAnna YBnn =YBnn -

The Y -matrices [Y1] and [[Y11] corresponding to Y4, and Y3, are
pure imaginary as in case 1, since

Var+ (m = D)Y4, =Yax + (m = 1)Ya,,
Yé)\ + (m - 1)}%;& = }rB/\ + (m - 1)YBM >

where we can see that Y45 and Yas cancel out and do not appear on
the right-hand sides. Therefore the invariance of K-factor also holds
as in case 1.

IV. CONCLUSION

It has been proved that S21/S512 (hence MSG) is invariant under
parallel operation of linear two-port devices as long as the devices
have an identical value of S2; /512 and the input and output networks
are reciprocal. Since the input/output networks need not be lossless,
such invariance holds for a variety of parallel-operated amplifiers
such as distributed amplifiers and linear power amplifiers. Meanwhile
invariance of K-factor has been proved only in two cases: (i) identical
devices and lossless input/output networks symmetric with respect
to each device, and (ii) addition of identical admittances connecting
every device port with each other. Thus at least in these two idealized
cases MAG and U are invariant as well as MSG under parallel
operation of linear two-port devices. In practical amplifiers device and
circuit parameter variations are, more or less, unavoidable. Further
work on how these variations affect MSG, MAG and U is still needed.
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V. APPENDIX
Let the Y -parameters of networks A and B in Fig. 2 be
[ YAm l yg
Yy=|———|——— and
L Ya | Yann J
[ YBm l yg
Yp=|———|——|,
B YB | YBnn J

respectively, where
(YA'M),,]‘ = Yau;,
154,
Ya= [YAln’ YAZVU Ty YAmn]s
yB = [YBlnaYBZTL’ M ’Yan] .

(YBm),,, = Yaij,
jsm,

Denoting the Y-matrix of the k-th device (1 £ k& < m) as
k (&
[ Y D‘l%]
k k) |
Ygs Yoo
we define matrices Y pi1, Y pia, Y Das, and Y pas by

Y pij =di&g[13)(,1]),yrg2) 1()7;)],

130" 1§l,

is2.

Then we obtain six equations similar to (1)—(6) in the text:

Im =Y 4V + Vatsi, (A1)
Iy =YpmVin +Viyh, (A2)
L. =YaVm + ViYisnn, (A3)
L, =ypVim + VaYaan, (Ad)
Im=-Yp:Vm ~Ypi..Vi, (A5)
In=-Ypau Ve ~ Yo Vi (A6)

where
I.=[L,L, 1.7,
Iy =I5, 1",
Vm = [Vi, V2, Vil ",
Vi = [V, Vs, V] "
From (A1)—(A6), the Y-parameters (Y11, Y111, Y111, YI111) in the text

can be obtained.
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A Model for Coplanar Waveguide Transmission
Line Structures on Semiconductor Substrates

Kevin R. Nary, Kiran G. Bellare and Stephen 1. Long

Abstract—An accurate model for coplanar waveguide transmission line
structures on semiconductive substrates is presented. The model is useful
for simulating long (> 0.5 mm) interconnects on LSI and VLSI GaAs
circuits as well as high speed Si ICs. When simulated in the frequency
domain, the model shows an excellent match to measured S parameters
of coplanar waveguide samples.

I. INTRODUCTION

Since most GaAs integrated circuits are fabricated on semi-
insulating substrates, the parasitic capacitances of interconnect lines
to the backside RF ground plane are low. However, trends toward
high density digital GaAs circuits result in closely spaced lines, and
the interconnect parasitic capacitances from line to line are far more
significant than those from line to distant ground plane. This would
prompt us to treat long interconnects as coplanar waveguide (CPW)
transmission lines, not as microstrip transmission lines [1]. The CPW
lines are isolated from the back side ground plane and exhibit a
quasi-TEM mode of propagation. Furthermore, in cases in which well
controlled impedance characteristics are required, CPW lines can be
produced by placing ground conductors adjacent to the signal lines.

A four element RLGC model is usually accurate for modelling
CPW structures on semi-insulating GaAs, but not accurate when
the structures are above a semiconductive substrate. Some digital
GaAs MESFET processes, for example, incorporate p~ implants
for threshold voltage control. If the implant layer extends below
interconnect lines, as it would if the implant is not a selective one,
signal propagation will be affected adversely by the presence of a
lossy plane in close proximity to signal lines. This effect must be
included in an accurate model.

This letter presents an accurate, physically intuitive model for
simulating CPW structures above semiconductive substrates. The
model is shown to be far superior to the simple four element RLGC
model and significantly better than the model of reference [2].

II. MEASUREMENTS AND ANALYSIS

The test structures used for this study were 1 cm long CPW trans-
mission lines whose cross section is depicted in Fig. 1. Line lengths
were constrained to 1 cm by reticle size limitations. The samples
were fabricated by Vitesse Semiconductor through the MOSIS
foundry service [3]. The Vitesse process incorporates a nonselective
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