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Conversions Between S, Z, Y, h, ABCD,
and T Parameters which are Valid for
Complex Source and Load Impedances

Dean A. Frickey, Member, IEEE

Abstract— This paper provides tables which contain the con-

version between the various common two-port parameters, Z, L -—
Y, h, ABCD, S, and T. The conversion are valid for complex  om— 2
normalizing impedances. An example is provided which verifies v, PORT TWO-PORT PORT v,
the conversions to and from S parameters. i NETWORK .
o— l———o

Fig. 1. A general two-port network with voltages and currents defined.
I. INTRODUCTION
OST microwave textbooks these days seem to provide
a table of the conversion between the various 2-port
parameters. These 2-port parameters often include Z 7 parameters
(impedance), Y (admittance), h (hybrid), ABCD (chain),
S (scattering), and T' (chain scattering or chain transfer).
While the scattering parameters have been shown [1] to be
valid for complex normalizing impedances (with positive
real parts), the tables in [2]-[15] are not valid for complex Vo=2Zo 11 + Zog - In, (1b)
source and load impedances. Often, the tables only provide
conversions for the cases where port 1 and port 2 normalizing
impedances are equal, ie., Zg; = Zgz = Zp. Some have
results in which Zy; and Zgo are normalized to 1. Others

Vi=Zu-h+2Zy- I (1a)

Y parameters

provide equations for port 1 and port 2 impedances Zg L=Yu -Vi+Y12 V2 (2a)
and Zgy to be unique. However, in all of these cases, the
results are not valid when the impedances, Zy; and Zgg, or Ip= Yo - Vi + Yoy - Va, (2b)

just Zp, are complex.
Of the two-port parameters mentioned, only the S and T pa-

rameters are dependent upon the source and load impedances. h parameters
In this paper, the derivations of the conversions from the S and
T parameters to the other 2-port parameters includes complex Vi=hy-I +hig Vo (3a)

source and load impedances. The equations developed in this
work are valid with port 1 and port 2 normalizing impedances
complex and unique. When the normalizing impedances are
real, the results simplify to those shown in other references.
To make the list complete, the conversions between the Z, ABCD parameters
Y, h, and ABCD parameters as well as between S and T'
parameters are included.

Iy =hoy - It 4 hap - V3, (3b)

Vi=A-Vo-B-I (4a)
II. DERIVATION L=C-V;-D- Iy (4b)

Two-port parameters are defined for a general 2-port net-

work as shown in Fig. 1. Using the voltages and currents S parameters

defined in this figure, the various 2-port parameters are written

as by = S11-a1+ S12- a2 (5a)
Manuscript received December 2, 1992; revised April 13, 1993.
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TABLE 1
EQUATIONS FOR THE CONVERSION BETWEEN .5 PARAMETERS AND Z, Y, ki, AND A BC D PARAMETERS WITH A SOURCE IMPEDANCE Zo1 AND LOAD IMPEDANCE Zos

Si = (Z31—=Z31 0(Z22+202)—Z12221 714 = (2814511 Z01)(1=525)+ 512521 Zoa
(Z11+Zo1 X (Z22+202)—Z12221 1 (1=511)(1=522)— 512521

Sia 2Z,5(Ro) Rgp)t/? z 51)253913%2)1/2
= TnF201)(Z22+ 202212201 12 = {T=51: )1~ S22)— 512521
oy = 2Z41(Rgy Rg2)1/2 For = 25213}29112%221/2
2= iZu+ij%Zn+ij—leZm 21 = A=811)(1—522)~ 512521
Sap = (Z11+Z01)( 222~ 2Z35)—Z12Z3) oz = (1=511)(Zg5,+522 Z02)+S512521 Zo2
(Z11+Z01)(Z22F Zo2)- 212721 (1-511)(1-522)-512521

Siy = (1=Y11 Z5,)(1+Y22 Zo2)+ Y12 Y21 25, Zo2 Yy = (1—811)(Z)5+522Z02)4512521 Z02
(1+Y112015Z1+Y22202) ~Y12Y21Z01202 (Z5)+511Z01)(Z5,+522Zo2)— 512521 Zo1 Zo2
Si2 = 2Y13(Roy Rop)!/2 Yig = —2515(Rqy Rap) /2

(1+Y11Z01)(1+Y22202) Y12Y21Z01Z02 (Z5,+511 Z01)(Z 55+ 522 Z02) — 512521 Zo1 Zo2

591 = —2Y5 (Roy Rog)*/2 Yoy = —2551(Ro1 Roz)*/2
14+Y11201)(14Y22 Z02)~ Y12 Y21 Zo1 Z02 2 = 28 F511Z01)(Zg, + 522 Z02)— 512 921 Zo1 Zoz

(1411 Z03 (1 - Y2 Zg, )4+ Y13 Y21 Z01 Zg

Soo = Yoy = (Z§1+S11201)(1~S22)+512521 Zo1
(T+711Z01)(1+¥22Z02)~ Y12 Y21 Z01 Z02 22 = (Zg5 ¥511201)(2,+522203) 512521 Zo1 Zoz

S = (h11—Z5) )(1+h22Zgg) —h1ghg1 Zog hey = ZaatS11Zo1)(Z5,+4 529 Z02)— 512521 Z01 Zo
(Zo1+5 1) (0Fk22Z02)~h12k21 Zoz 1 (1=511)(Z§,+522202)+512521 202

Sia = 2h15(Ro) Rog)t/2 hio = 2515(Roy Ryg)/?
(Zor+h11)(A+R22Z02) =h12h21 202 12 1-51 (23, +522Z02)+S12521 Zoz

S. —2h; (Rg) Rog)!/2 hoy = —2S521(Ro1 Rog)*/?

21 = (Zoy FRi)(1+k22Z02)—h12k21 Zoz 21 = (17511)(252*-522Zoz)+512521202

Sgp = Zoathin)(1—harZ5y)+hioha Zg hag = (1=531)(1—-832)= 51,5y,
(Zo1+h11)(1Fh22Z02)~R12k21 Zo2 1-511)(Z55+522Z02)+ 512521 Zo2

811 = :§D2+B—CZQ‘1 Zoz—DZg — (Z5;+511201)(1—S520)+512 591 Zgy
02+ BYCZ0y Zoa+ Doy 2521(Roy Roz)1 72
S1a = 2(AD—BC)(Ro; Rgp)'/? B = (Za1+511201)(Zg5+ S22 Z02) = 512521 Z01 Zo2
AZo2+B+CZo1Z02+DZo1 2521(Ro1 Ro2)172
_ Z(Rngg)l“ - (1-531)(1—S22 —5;2521
Sa1 = AZo2+BF+CZy1 Zo3+ DZo1 c 2521(Ro1 Ro2)1/?
Sgo = _AAZZ. +B—CZ01Z5+D2Zy, D = (=51)(Z55+522Z02)+51257; Zoz
02 +B+CZg, Zo2+DZo1 2521(Ro1 Rg2)1/2

where * indicates complex conjugate and Zy; is the normal-
ag—» -« ap izing impedance for the jth port. For two-port networks, Zg;
PORT TWO-PORT PORT and Zy are the source and load impedances of the system
! NETWORK 2 in which the S parameters of the two-port are measured or
- by bp—» calculated. I;; and I;, are the incident and reflected currents
— for the jth port. Knowing that,

Fig. 2. A general two port network with a’s and b’s defined. I' - I]z _ ]r ®)
T parameters! we can solve (7a) and (7b) for I;; and I;, and substitute them

into (8) to get,

a1 =T -ba+ Tz az (62) 2 1z

Ij= | 0——— -(a; — bj). 9
3 Zo; + 23 (a; —b;) ®

by =Ty by + Toz - a2 (6b)

, Lo Knowing also that,
where the a’s and b’s are shown in Fig. 2 and defined below.

Vi=Vu+V; (10)
Zoj + 23,112 . ’
a4 =|—| i (72)  where Vj; and Vj, are the incident and reflected voltage at
the jth port, we can substitute the expressions for Ij; and I,
To; + 73, 172 along with
b = — - L (7b) Vii = I - 23, Vir = Iir - Zo;
into (10) to get,
1Some authors, (e, ﬁ Rizzi (16]) define the T parameters as by = 1/2
-ag+ T 2, and a3 = To; - ag + Taoby. In this case, V.= 2 75 1
the parameters can ]uSt be switched from what is derived in this paper. T'11 A “(a; - 0j T 05 Zoj)- an

and T2y are switched, T'12 and Ty are switched.
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TABLE H
EQUATIONS FOR THE CONVERSION BETWEEN 7" PARAMETERS AND Z, Y, h, AND ABC D PARAMETERS WITH A SOURCE IMPEDANCE Zp) AND LOAD IMPEDANCE Zo2

Th = (Zy1+Z01)(Z22+Z02) =212 Zii = Z31(T114T12)4+Z01(T21+T22)
2Z21(Ro1Ro2)1/2 n= T11+T12—T21-T22
Tio = (Zu+Zoa 253~ Z22)+ 21222 Zio = 2(Roy Roz) Y/ 3(Ty1T22—T12T21)
2Z31(Ro1Ro2)1/2 12= T11+T12— T —T22
Ty = (Z11—2Z3)(Zaz+Z02) = 212201 Zop = — 2(RoiRos 1/2
2221(Ro1Ro2)1/2 2= T Ty -To1-T22
Typ = E1=21(Z00—Zip)+ 21272, oy = Z02(T11=T21)= Z02(T12=T22)
2Z31(Ro1Ro2)1/2 2= T11+T12-T21—T22
Ty = (=1-Y11 Z01)(A+Y22 Z02)+Y12Y21 Zo1 Zo2 Vi, = Z50(T11=T21)~Zo2(T12—T22)
2Y21(Ro1Ro2)1/? W= T 73, Zg,—T12 2y, Zo2+ 121 Zo1 Zgp—T22 Z01 Zo2
Ty = Q41120000 = Y22 255)+ Y10 Vo1 Z01 Z5p Vi = —2(Ro1 Roz) /2(T1 1Ty —T15Tyy)
2Y31(Ro1 Ro2)/? 127 T 25, Zgy— 11228, Zoa+ 12120125, — 122 Z01 Zo2
Ty = (Y1125, ~1)(1+Y22 Z02) —Y12 Y21 25, Zo2 Yoy = —2(Rq1 Rgy)!/?
2Y21(Ro1 Ro2) 17?2 2N = TN 75, Zg,—Th2Zg, Zoa+121201 25— 122201202
Ty = (1-Y1124))(4 Y22 Z55) Y12 Y01 Z5, Z3o Yoo = Z51(T114+T12)+Z01(T21+T23)
2Y31(Ro1 Ro2)1/? TnZg 25, —T1225 Zo2+T21 201255~ 122201202
Ty = SRu=Z01)(+hesZog)+hy2h2: Zoo hyy = Z02(T11 251 +T21 Zo1)~Zo2(T12 24, + 122 Z01)
2h21(Ro1Ro2)1/2 b Z5o(T11—T21)—Zo2(T12+T22)
Tio = (h11+Z0y)(1—h22Zgo)+hy2h2i 23, hio = 2(Ro1 Ro2) Y 2(Ty 1 Top—T12T21)
2h31(Ro1Ro2)1/? 12 = 75, (Ti1—Ta1)— Zo2(T12+T22)
To, = (Z5,—h11)(1+h22Zo2)+h12h21 Zo2 hoy = —2(Rgy Rop)t/?
2h31(Ro1Ro2)1/? 2= 7 (Tii—T31)=Zo2(T12+T22)
_ (=23 ) —hoo Z3o)+h12ho1 Z5, hoo = Ty1+Ty2=T23~Tao
Ty = 2ha1(Ro1Ro3) /2 22 = Z5,(T—Ta) = Zoa(Ta2+7122)
Ty, = AZ023B4CZ01 204 DZ A = Zai(Tu+T12)+Zo1(T21 +To2)
2{Ro1Ro2)'/? - 2(Ro1 Ro2)1/?
Tie = AZ3y—B+CZo1 Z5,—DZoy B= Z32(T11 231 +T21 Z01) —Zo2(T12 25, +T22 Zo1)
2(Ro1Roz)1/2 2(Ro1 Roz)1/2
AZyg+B—CZ} Zpg—DZ} o T4 T0—T =T,
Ty = O’l—mﬁ___m. C = ilti12—221—122
21 2(Ro1 Roa) /2 2(Rg) Roz)'/?

_ AZ,—B-C2Z} Z4+DZ
2(Ro1Ro2)1/2

Z3o(T11=T21)=Zo2(T12~T22)

D =
2(Ro1Roz)1/2

Solving (9) and (11) for a; and b; gives

Vi + Zo;i;

= TR 12
" ey + 23,1 @

b = Vi — 251
T 220 + 25

Equations (12) and (13) are (3) and (4) in [1] and served as
the starting point.

The notation, S < Z, indicates the conversion from §
parameters to Z parameters and Z parameters to S parameters.
Since S and T parameters are defined in terms of a’s and
b’s, they will contain the source and load normalizing imped-
ances Zo1 and Zpo. The other 2-port parameters are defined
independent of the source and load impedances.

To derive the conversions, S « Z, S « Y, S — h,
'S ABCD, T Z,T—Y, T—h and T < ABCD, it
is necessary to use (9), (11)—(13). For example, to derive the
expressions for S parameters in terms of the Z parameters,
first substitute (9) and (11) into (1a) and (1b) and solve for b;

13)

and b, to get in the form of (5a) and (5b). Likewise, to get the
expressions for the Z parameters in terms of the S parameters,
substitute (12) and (13) into (5a) and (5b) and solve for V;
and V5 to get in the form of (la) and (1b).

Since Z, Y, h, and ABCD parameters do not require
normalizing impedances, the conversions, Z — Y, Z < h,
Z « ABCD,Y « h, Y « ABCD, and h — ABCD,
as well as S « T, are straight forward. These conversions
are accomplished by rearranging one set of equations into the
form of the other. These conversions appear in many of the
references cited and are included here for completeness.

IIT. RESULTS

The results are given in the following tables. In these tables,
Zo1 and Zgy are the source and load impedances of the system
to which the S and 7" parameters pertain. Complex conjugate
is indicated by *, and Ro; and Rgg are the real parts of Zp;
and Zoz.

Table I gives the conversions between S parameters and Z,
Y, h, and ABCD parameters. Table II gives the conversions
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TABLE Il

EQUATIONS FOR THE CONVERSION BETWEEN S PARAMETERS AND NORMALIZED Z, Y, h,
AND ABCD PARAMETERS WITH A SOURCE IMPEDANCE Zp1 AND LOAD IMPEDANCE Zog

Py
Elln" 7&‘}](2221.+1)—212n221n

Su = (Zi1a+t (2220 +1)=Z120 2210

P
[7g*}“+511 (1-822)+ 512521
Zuin = (1=511(1=522)= 512521

1/2 1/2
s 2Z12n 301202] z 2512|701 705
12 = (21w ) Z2an+ 1) - Z120 2210 127 = (T=810(1-322)— 812521
R 172 1/2
Soq = 2Z“"[}Zlcn’é’oz Tt = 2521 ‘Zimgoz
21 = Zin D (Zazn T D—Z12n Z21m 2n = =S (T—522)— 51251
z2 2z
s (Z11n+1) Z22n"fg§' —Z12nZ21n (1-511) 73§+522]+512521
22 = T (Z11n 0 (Za2n 1)~ Z12n 221 Zan = (1=511)(1—-522)—- 512521
Zy1n = 210 gy = _Zj.zﬁ_ = __221_7_ Togn = 222
n = 7o 120 = (241 202)172 Zain (Z01202)1/2 22n = Zoz
z3 z 8
5 1—V11n[7‘&‘1‘]](1+Y22n)+\’12ny21n 78‘}‘] v (1—511)[7gg+522:|+512521
1= TV, (1 Y22.)= Y12, V2 1in = 7177 Z7
( 11)(1+Y220)— Y12, Yo10 Enml +Sll][znl,22 +522]_51252‘
1/2 1/2
Rg R 01 Roz
s —2Y125 [—01—92201202 v —2512[201202L
12 = O3V 1+ V2200~ Yien Vs 12n = TZ% ZzZ
( 1in ( 2211) 12n ¥21n E‘Olll +Sll] [Zoug +522}_512521
1/2 1/2
R
S v 122 y ~2sy, [guga]
21 = O3y ¥ Y22n) Y120 Y. 2ln = 7373 Z%
11n)( 22n 122 Y21n [Znull 51, 20922 +S22] 512521
z;, z2 z2
s (1+Y11n)[1—Y22n 7&%]]—“’12"1’2“ 'zf;%] Zob+511 |(1-522)+ 512831
22 =

(I+Y11.)(1+Y22,)= Y124 Ya1n

Yoon = ¢ v
[73‘}+511H78§+522] —812521

Yiin = Y1121 Yion = Y19(Z01 Zo2)'/?

Ya1r = Y21(Zo1 Zo2)1/? Yoon = Yoo Zo2

P
klln_fg']; (14+h22n)—hiznhoin

S11 =
1 (T+h112)(1+h22n)—F1z2nh21n
1/2
Aol R
2h 2-0-17—02
Sia = 12 Zoy 02]
12 = T Rin) 1+ 22, )= h1znfhain
1/2
Rgy R
_ZhZIn[Z Z,
01202
So1 =

= Fh11n)(+haz)~hianhzin

(+h112)(A+k220) =120 R210

hiin =

7%
(1=S11) 73%+522 +512521

1/2
RoI R
2512 [ Zo1Zo2 ]

77
(1—511)[735+522]+512521

1/2
Rl R
~2521 [201 Zo2 ]

Z5
(1-513) [7%%4-522]4'312521

hion =

hain =

— _(1=511)(1-533)— 51555
= i

haon
Z
(1—511) [—“2+522]+512521

Zo2

1/2
hiin = %‘6} hig2n = h12 [g‘n]

Zo1

haon = ha2Zo2

hoin = hoy [%%]1/2

" o
An+Br—Chn [731; -Dn [Eg-}]
A ¥ B+ CnTDn

R R,
_ ﬂZOIZDZ (AnDa—BnCn) 2(AD—BC)
= An+B,+C+Dy T An+Bo+C,+D,

—_ 2
521 = gxm 0.0,

zr zZ%
- |5 | +B,—cn —ﬂzznz]wn

AntB,¥CnTD;,

Sgz =

2
4 [7%’1-+511](1—522)+512521
n —
Ao Rog
2521 201202]
z2 2z
72{--%-511] [2%%'*’532]_5‘252‘
Rol R
2521[701202
C,, = U=S1)1=5p)=5p5
Ry B
2521 Z61Z0s
i
(1-S;31) 72%-4-522]4-5\252;

Rl R,
2521 [201202]

B, =

D, =

= AZgy — B
An = (Ro1Ro2)1/2 Bn= (Ro1Ro2)17?

_ _€CZy 2, - DZ,
Cn = (Rg1 Ro2)1/? Dn = (Ro1Ro2)1/2
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TABLE IV

EQUATIONS FOR THE CONVERSION BETWEEN T PARAMETERS AND NORMALIZED Z, Y, h,
AND ABCD PARAMETERS WITH A SOURCE IMPEDANCE Zp1 AND Loap IMPEDANCE Zg2

209

T, = (len+1)(Z22n+1)_211251221n

[Zux ] (T11+T12)+H{(T21+T22)

Ry R, -
2Z31n [73“{7&22] Z1in = T11+T12—T21-T22
Zgp o Ry |12
T (Z11n+1) | 222 —Z22n | +Z120 2210 2[73-‘{7&%] (T11T22—T12T21)
12 = 173 Zian = T
Rp) Ry 11+712—T21—Tg2
2Z2‘"[201202]
- 1/2
T [len_zg‘]f](222n+1)_212nz21n %g‘}%g,f
21 = 172 221":T T12—7121—1:
szn[ROﬂl, Rgzz] 11+T12—T21-T22
Zy E23 Ty -To1)—(T12—T:
Ty = 22— Z11n | | Z220— 28 |+ 2120 221w Zogn = 202 (T11—T21)—(T12—T22)
= 172 n= TETia-To1=T:;
Roy R 11+ T12—T21-T22
2221"[201202]
Z. Z
Ziim = 210 = _Zuﬁ_ Zyin = Rl Zon, = 222
1n = Zo Zizn (Z012Z02)/? 2 = Zo1Z02)7? 2 = Zo
1-Y; 1+Y; +Y12,Y; Z
Typ = (H2=Hua) 2:‘) bgn din v 73%](T11—T21)—(T12'T22)
2Y21n[7-ﬂl-zﬂl] it = s
01202 201°02 —T:
T“[Zmzm] le[ Tor ]+T21[202 22
2y Zy Aoy Rep |V
P (A+Y110) |1=Y225 | 222 | [+Y120 Y210 | 222 —2| 872 (T11T22—T12T21)
12= o1 e 1T Yion = ziZ¥ z¥ Z%
2Ya21n [Mzmzw] Tll[M201zo2]"Tu [—QLZ01:|+T21 [zum]—Tn
zy z2 Ry Rap 1172
T — [yun[73‘]1‘]—1](1+y22n)—}’12ny21n[Zgjl'] -2 7%7322]
21 = R R 172 Yoin = TG
2Y21n [Mzolzuz] T [z-D‘Lzﬂm 02]—T12[201]+T21 [—’n —Ta2
z2 z2 22,22 24
1-Yun 7%}‘ 1—Y22n Jzzoz —Yi2n Y215 Mzmzoz Zor (T11+T12)+(T21+T22)
Toz = Rg) R Yozn = Ty ZE 75 ZF
2Y21n [ ZorZes T11 [701202]_1"12 [Zm ]+T21 [202]_T22
Yi1n = Y11 Z01 Yi2n = Y12(Z01Z02)"/? Yain = Ya1(Zo1 Z02)!/? Yoon = Y22 Z02
—~h —1){(1+h h h
T), = Shua-DAE 22n)+112n 21n Tlll:zmznz] le[zu]+T2l[Enz] Tyo
R by = 01%02 02
2h21n 72'}-2-322 11n =
[782]crai -T2 (Tra-Ta0)
Zzg Rp1 R, 1/2
T (h11n+1) |1~ho2n 202 +hiznhain | 722 2[7%}7&%] (T11T22—T12T21)
12 = 7z hign = —y=
RgL R
zhm[fg{?gg] [ 22 | (T Ta0) (P12 1)
2% 1/2
[fg'}_hlln](1+h22ﬂ.)+hl2nh21n -2 [%0.1%02]
p— 01402
Tn = PYWIREYE ho1a = 5=
2hg1n [?g'l‘z‘g?] [78%]('-’11—7‘21)—(7'12—7‘22)
zy z; z; — Ty +T12-T23 ~Top
[hlln_fg'i‘] [1'h22n [7&%]]+h12nh21n [73%] hazn = 17
Thy = 77 2—3% (T11=T21)—(T12—T22)
Rgj Ry
2"21"[1017402]
hiin = A1 h hop|202]'? hoipn = R 2 hoon = hoaZ
n = 757 12n = 12[201] 21n = h21 [201] 22n = h23 202
— Ap+Bp+Cr+D.
Tl onT - n
T = 7 I:Zm](T11+T12)+(T21+T22)
n= Rqj R
2[201202]
2z z3.2; 251, p [Z62) 7
- An —'-12202 Bp+Cn 29202 —Dn B T11 Mzmzm -T2 Zo1 +Tz21 Zos | 122
12 = =
2 Rol R
2[201202]
“ » Ty +T19—Tg; T
An+Bn—Cp | 50| -, [ 01 Cn = T2
Zo1 Zo1 o[ Ro1R
T = Zo1Z02
A, [22) B, -, [ ZZi2] D, [Z0 582 (711 ~Tay)~(Taa=Tao)
T, = 7% n—Cn | 70702 |z p. = L1703 11—T21 12— T22
2= 2 n= Rol R,
o| Z2o1r02
[201302]
A, = ——AZn2 B, = B C, = —EZuZo D, = _DZ_tuﬁ_
"7 (Ro1Ro2)'/? ™~ (Ro1Ro2)1/? ™ 7 (Ro1Ro2)'7? "7 (Ro1Ro2)'/?

Authorized licensed use limited to: Centro de Investigacion Tec de las Fuerzas Armadas. Downloaded on April 14,2010 at 14:16:12 UTC from IEEE Xplore. Restrictions apply.



210 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 42, NO. 2, FEBRUARY 1994

TABLE V
EqQuaTioNs SHOWING THE CONVERSIONS BETWEEN Z, Y, h, AND ABCD PARAMETERS

— Yao - Zaz 711 = hiihag—hizhz) by = Z11Z22-2122Z2]
Zn Yuyzz‘—/ylzym Yi1 2112222212221 1 haa 1 z Za2
Zig = = = —Z = h2 hig = 212
127 ViiVae— V1o Yo Yiz Zn1Z22-Z1229 Ju=y 2 12=Z
Zo1 = =Y. Ya1 = —Z Zo = b hoy = 24
21 = V1 V23~ Y1221 2 T TN Za—212Zn 2L = Thyy 21 Z22
2z It Ve v s 2t Zao = 1 hoo =
22 = V1 Y22 - Y1z Va1 22 = 701 Z22—Z12%21 haz 22
- A — Zy Yy = L hi1 = <
2= SD BC 4= %2]11222 212251 N hlhl N yl)},z
_ AD— _ _ _ 2 _ -
Ziz = (5] B= Gt Y2 = Tllf hio = iy
1 _ 1 [ _ Y.
Z21—5 C_Z_zl y21—h'J,JI~ hoy 3‘2‘}
=2 =22 Vyy = ll1hza=h1zh2y = VY2 —Yio¥a
Za2= & D= 32 22 = hoo = e
b = =X B — highy —hyhoy
Yun=g A e hin=3 e A s ke
BC—-AD _- = AD— - =
Y2 =" B=vr Rz = B=3r
-1 YipYa =YY, =1 —hay
— =1 — YipYp —Vy, ¥y ==l
Ya1 B C= BEREY ha1 D C= Far
=4 —Yu =< = ==
Ya2=5% D Va1 haz = 5 ka1

between T parameters and Z, Y, h, and ABCD parameters.
Tables III and IV provide the conversions from S and T
parameters to the normalized Z, Y, h, and ABC D parameters,
respectively. From Tables IIT and 1V, it is easy to see that if
Zg1 and Zy, are real, the conversions become those shown in
many of the references cited, e.g., [2], [4], [7], [8], [11], [12],
[14], [15]. Finally, Table V shows the conversions between
Z,Y, h, and ABCD parameters while Table VI shows the
conversions between S and 7' parameters. These are included
to make the table of conversions in this paper complete.

IV. VERIFICATION

Using PSPICE, a SPICE based circuit analysis program, a
lumped element model of an NE32000 HEMT was analyzed.
The netlist was taken from the NEC databook and is shown
below:

gl 56340045
lg 1 2 0.1nh
g232

cgs 3 4 0.2pf
cgd 3 5 0.016pf
cdg 5 4 6.7if
464
156735

1s 7 10 0.03n0h
rds 5 6 200

cds 5 6 7.2ff
rd 584

1d 8 9 0.09nh.

By properly configuring a source at first port 1 then port 2, and
opening and shorting out the other port, PSPICE will provide
the complex voltages and currents required to calculate the
Z,Y, h, and ABCD parameters. Tables VII and VIII show
the voltages and currents from PSPICE under the conditions
listed in those tables. The Z, Y, h, and ABC D parameters are
calculated from these using (1)—(4) and are shown in Table IX.

The NE32000 lumped element model was also analyzed
using Super Compact. For no particular reason, I chose to

TABLE VI
EQUATIONS SHOWING THE CCONVERSIONS BETWEEN S AND T' PARAMETERS

=Tz
S11 =

11 = S5a
- T3T22=T12T5; Ty = =S92
512 T 12 Sa1
So1 = - _ 5
=T Tz S21

~ =Ti
S22 = b

calculate the S parameters for the NE32000 in a system with a
source impedance, Zo;, equal to 70+ j 30 and load impedance,
Zyz, equal to 25— 7 35 at the single frequency of 10 GHz. The
results of the Super Compact analysis are shown in Table X.

If a person uses the Z, Y, h, or ABCD parameters of
Table IX, in the equations of Table I, with Zy; = 70+ 5 30 and
Zyy = 25—7 35, they will find that the calculated S parameters
agree with those from Super Compact. In a like fashion, using
the S parameters of Super Compact in the other equations in
Table I will result in Z, Y, b, and ABCD parameters shown
in Table IX.

V. CONCLUSION

This paper developed the equations for converting between
the various common 2-port parameters, Z, Y, h, ABCD, S,
and T. The equations are derived from the definitions of the
various 2-port parameters, the definition of a; and b;, and
basic transmission line theory. As a result, the equations are
completely general and are valid for complex and unique
source and load impedances.

The validity of these results is shown by first calculating
S parameters from Z, Y, h, and ABCD parameters for an
NE32000 HEMT in a system with Zg = 70 + j 30 and
Zp = 25— j 35. These results agreed with the S parameters
produced by Super Compact. Also, beginning with the S
parameters from Super Compact, the Z, Y, h, and ABCD
parameters are calculated using the equations developed. The
results are the same as those calculated from the voltages and
currents produced by PSPICE.
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TABLE VII
VOLTAGES AND CURRENTS FOR THE NE32000 HEMT Ar 10 GHz WITH THE SOURCE AT PORT 1. TRE VOLTAGES AND CURRENTS ARE DEFINED IN FIG. 1

Vi=1+4350
I = 0 (Port 2 Open Circuited) Vo = 0 (Port 2 Short Circuited)
I Ve Iy I
8.844E — 03 + j 2.371E— 02 —8.181E+ 00 + j 5.615E + 00 2.010E — 03 + 5 1.292E — 02 4.018E— 02 — 7 1.071E— 02

TABLE VII
VOLTAGES AND CURRENTS FOR THE NE32000 HEMT At 10 GHz WITH THE SOURCE AT PORT 2. THE VOLTAGES AND CURRENTS ARE DEFINED IN FiG. 1

Va=14j50

I; = 0 (Port 1 Open Circuited) Vi = 0 (Port 1 Short Circuited)
I Vi Iy I
8.032E— 03 + 5 1.119E— 03 9.661E — 02 + j 1.869E — 02 3.949E — 03 + 5 1.402E — 03 4.741E — 05 — j 1.286E— 03

TABLE IX
Z,Y, h, sAND ABCD PARAMETERS FOR THE NE3200 HEMT ar 10 GHz. THESE PARAMETERS
WERE CALCULATED FROM THE VOLTAGES AND CURRENTS IN TABLES VII anp VIII USING (1)-(4)

11 12 21 22

zZ 1.380E+ 01 — 7 3.702E+ 01 1.212E+ 01 + 5 6.395E - 01 9.518E+ 01 + 5 3.803E+ 02 1.221E+4 02— 5 1.701E4 01
Y 2010E— 03+ 5 1.292E—02 4.741E- 05 — j 1.286E — 03 4.018E— 02— 5 1.071IE—02 3.949E— 03 + 5 1.402E— 03
h 1.176E4 01 — j 7.557E 4 01 9.661E— 02 4 j 1.869E — 02 —3.370E— 01 — 7 3.162E4 00 8.032E— 03+ 7 1.119E- 03

A B C D
ABCD —8.309E— 02 — j 5.703E—02 —2.324E+ 01 — 7 6.194E4 00 6.173E— 04 — 7 2.474E—03 3.332E— 02 — 5 3.127E—01

TABLE X
SuperR COMPACT RESULTS FOR THE NE32000 HEMT
Zs=704+730 Zp =25—-3135
MICROWAVE HARMONICA PC V1.06 File: ne320-1.ckt 25-FEB-92 21:42:46
Freq MS11 PS11 MS21 PS21 MS12 PS12 MS22 PS22 MS21
GHz mag deg mag deg mag deg mag deg dB
NE320L NE320L NE320L NE320L NE320L NE320L NE320L NE320L NE320L
10.000 0.665 —121.4 2.194 118.3 0.068 453 0.796 —124 6.82
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