84

faster, notwithstanding the likelihood of
nanosecond circuitry. This, too, can be de-
signed to be generally recursive and nest-
able.8?

3) The general problem is far bigger than
generalized data searcher. Lee and Paull are
near it in their mention that the cells them-
selves should guide the flow of information.
This asks for generalization® in which we
abolish finally the distinction between pro-
grams and data. In other words, we remove
the “atom” from McCarthy's recursive
logic,® or we remove the “individual” from
Russell’s logical theory of types.

Incidentally, input esx:8 to the memory
string!® would cause it to write out the string
asx1BarxaBas xaPasxsBand not thestring stated.

R. P. EDWARDs
Sperry Rand Internat’l Corp.
Lausanne, Switzerland

8 J. McCarthy, “Recursive functions of symbolic
expressions and their computation by machine,”
Commun. ACM, vol. 3, pp. 184-195; April, 1960.

9 “A bas1s for 2 mathematical theory of
computatlon in “Computer Programming and For-
mal Systems, P. Braffort and D, Hirschberg, Eds.,
ll\z)orth Holland Publishing Co., Amsterdam, Holland;

63.
10 See Lee and Paull, op. cst., p. 929.

Relationships between Different
Kinds of Network Parameters,
Not Assuming Reciprocity or
Equality of the Waveguide or
Transmission Line Characteristic
Impedances*

It is well known that linear networks
can be characterized by different sets of
parameters, and these different sets of
parameters are each related, one to the
other. Tables have been published!:? giving
various relationships for two terminal-pair
network parameters, or two ports, and they
are useful in the analysis both of lumped
element circuits and of waveguide junctions.

It is noted however that in these tabula-
tions, the assumptions are often made that
1) nonreciprocal behavior is excluded, or
ruled out at the beginning and 2) the char-
acteristic impedances of the waveguide leads
of transmission lines furnishing access to
the network or junction are all equal to
each other.

Nonreciprocal behavior is becoming
commonplace and the choice of unequal
characteristic impedances is frequently use-
ful.

Therefore, the following more general
table of relationships between different sets
of parameters is felt to be timely and useful.

* Received June 24, 1962.

1E. A, Guillemin, “Communication Networks,”
John Wiley and Sons, Inc., New York, N. Y., vol. II,
pp. 137-138; 1935,

t E. F. Bolinder, “Note on the matrix representa-
tion of linear two-port networks,” IRE TRANS. ON
Circult THEORY, (Correspondence); vol. CT-4, pp. 337—
339; December, 1957.
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Yo Fo) Fala | 257 (14 90)(0 - 50) iy
Su Sul _ 1 (B— czmzm) + (4Zp—DZy) 2Zu(AD—BC)
I:Sn Szz:l (B+CZnZw)(AZw+ DZy) Zoe (B—CZyZyp) — (AZp—DZn)
Zu 2] _ 1 Zul(1 + Su)(1 = Sz) 4 S12Su]  2ZuSx ]
[zﬂ zn] S (1= S)(1 - S») — SuSa L 2ZeSie  Zel(l = Sw)(1 + Sz) + SwuSa

Yu] _ 1
Ya Ve A+ S + S») —

[+ Su)(1 — Se) + S1254)

[ T 25 [Zi [(1 = Sw)(1 = Su) — S1Sx]
01

[(’2‘2 4+ rn) + (ra + 712)]

[AB‘l
¢ pl 2

1
— [(re — r11) + (rn — ne)]

[Yox[(l — S + Sz} + S1Su] — 2V S
S12Sa

—2¥uSn Y[l + Su)( — Su) + SwSa)

Zo[(1 + Su)(1 + Sz) — S1Su]
— [(1 = Su)(1 + S2) + S125u]

Ze [(re — ri) — (ra — )]

é [(res + 1) = (rar + r13) ]
Zn

In order to keep it of reasonable length the
number of parameters was limited, but
those chosen were selected because they are
widely used.

The sets of parameters chosen were
impedance Z, admittance ¥, general circuit
constants ABCD, scattering S and wave
cascading coefficients r. They are defined in
the following equations, which relate the
terminal variables v and 7 and ¢ and b in
one waveguide to those in the other wave-

guide.

il 2|z
Zo1 tvy v, Zg
le'.al az"L.bz

In matrix form,

v = Zi, 1= Yy

-0 20
[21-02 200

Note that the terminal surfaces 1 and 2 may

be replaced by terminal pairs when con-
sidering two terminal-pair networks,

R. W. Beatry

D. M. KErNs

"National Bureau of Standards

Boulder, Colo.
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Fig. 1—Temperature dependence of
Hall mobility sz for CdS films.
TABLE 1
- Hall
Resistivity | aqobilit E, E
y ER . 0 Source | Substrate :
Sample 81 Ogm]%) (cm/Vseo) | (V) @V V) T (°C) T (°C) Processing| Color
(300 K)
360°C
5 32 6 0.13 0.07 0.21 — 23 H: bake vellow
6 6 2 0.06 0.12 0.18 — 23 None black
7 24 4.4 0.07 0.12 0.18 880 100 None orange
8 10,000 — — — 0.32 820 200 None yel-or.
9 270 3.2 0.05 0.20 0.25 750 200 None yel-or.
10 1900 12 0.35 0.07 0.42 760 140 None vel-or.
11 650 4 0.12 0.10 0.22 730 160 None yel-or.
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Fig. 2—Temperature dependence of the resistivity p i‘
of CdS films. The ordinate i¢ normalized at 400°K. £ ,
z

of the reciprocal of the free-charge density,
the sum of the activation energies for the
mobility and the Hall coefficient should
equal the activation energy of the resistivity,
as is observed.

DiscussioNn

The observation of an exponential de-
pendence for Hall mobility on temperature
in deposited CdS films was first reported by
Berger.? Such a dependence has also been
found in deposited films of PbS, and, follow-
ing the analysis of Petritz, it is often ascribed

s H. Berger, “Uber das Ausheilen von Gitterfeh-
lern frischaufgedampfter CdS-Schichten (I),” Phys.
StamsSohd;. vol. 1, pp. 739-757; July, 1961,

4 R, L. Petritz, “Theory of photoconductxvxty in
semiconductor films,” Phys. Rep., vol. 104, pp. 1508-
1516; December, 1956

N

3 3
10°/ T ok}

Fig. 3—Temperature dependence of the Hall constant
Ry for deposited CdS films. The ordinate is nor-
malized at

to scattering at the boundaries between the
small crystallites which make up the film.
There is reason to doubt this hypothesis
chiefly because of the near independence of
the observed Hall-mobility value on crystal-
lite size. This view is corroborated by
Berger.? Work is now going on in this labora-
tory to ascertain whether or not the observed
mobility dependence is not resultant from
the large deep-trap densities that are known
to characterize these films. This information
is being sought through photo-Hall effect
measurements, and through thermally-

April

stimulated trap emptying studies. Present

technology in this effort permits the fabrica-

tion of films with significantly higher mobili-

ties and resistivities than those discussed
in this communication.

R. S. MULLER

B. G. WATKINS

Elec. Engrg. Dept.

University of California

Berkeley, Calif.

Correction to “Relationships
between Different Kinds of
Network Parameters, Not
Assuming Reciprocity or Equality
of the Waveguide or Transmission
Line Characteristics Impedances™

The following has been called to the at-
tention of the Editor. In the relationship
having the S-matrix on the left and expres-
sions involving 4, B, C, D, Zy and Z on the
right, a plus sign should appear in the de-
nominator between the terms (B+CZyuZg)
and (AZoz'f"DZm)

R. W. BEatty
D. M. KEarNs
National Bureau of Standards
Boulder, Colo.

Manuscnpt received February 11, 1964,
W. Beatty and D, M. I\earns Proc. IEEE
(Corresgondena) vol. 52, p. 84; Januarv 1964,

Considerations Regarding the Use
of Semiconductor Heterojunctions
for Laser Operation

In a recent communication,! Kroemer
has proposed a new injection scheme using
heterojunctions for possible laser action, in
which an indirect-gap semiconductor, say
Ge, is sandwiched between two direct-gap
semiconductors of opposite types, say n-
and p-type GaAs. In our laboratory, we also
have considered the feasibility of using
heterojunctions for laser work based on a
different scheme. Kroemer’s proposal pre-
supposes that 1) injected electrons and holes
would be trapped in the center region by
potential barriers at the two heterojunctions
and 2) laser action would eventually occur
at sufficiently high carrier injection levels.
The argument presented in his communica-
tion, however, is rather vague and mislead-
ing. We would like to discuss theoretical
considerations in using heterojunctions for
laser operation and to present our scheme in
view of these considerations.

Manuscript received January 31, 1964. The re-
search reported herein is made possible through sup-
port received from the Departments of Army, Navy
a.nd Air Force under grant AF-AFOSR-139-63.

. Kroemer, “A proposed class of heterojunction
mjectmn lasers,” Proc. [EEE (Corrupandem:c), vol.
51, pp. 1782-1783; December, 1963.
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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.
The author is with EG&G Idaho, Idaho Falls, ID 83415.
IEEE Log Number 9214525. by = S21 - a1 + S2z - a2, (5b)

0018-9480/94$04.00 © 1994 IEEE
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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.

V,=V;+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 J= Zo: + 27, “(a; - 0j T 05 Zoj)- an
and T2y are switched, T'12 and Ty are switched. 0 0

Authorized licensed use limited to: Chungbuk National Univ. Downloaded on July 05,2024 at 08:42:04 UTC from IEEE Xplore. Restrictions apply.
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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

Authorized licensed use limited to: Chungbuk National Univ. Downloaded on July 05,2024 at 08:42:04 UTC from IEEE Xplore. Restrictions apply.
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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
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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
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TABLE V
EqQuaTioNs SHOWING THE CONVERSIONS BETWEEN Z, Y, h, AND ABCD PARAMETERS
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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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Syllabus

Network Theory
MODULE-I (9 HOURS) [Online mode: 5 HOURS + 1 Test]
Analysis of Coupled Circuits: Self-inductance and Mutual inductance, Coefficient of coupling, Series connection of coupled
circuits, Dot convention, Ideal Transformer, Analysis of multi-winding coupled circuits, Analysis of single tuned and double
tuned coupled circuits.
Transient Response: Transient study in series RL, RC, and RLC networks by time domain and Laplace transform method with DC
and AC excitation. Response to step, impulse and ramp inputs of series RL, RC and RLC circuit.

MODULE-II (7 HOURS) [Online mode: 5 HOURS + 1 Test]

Two Port networks: Types of port Network, short circuit admittance parameter, open circuit impedance parameters,
Transmission parameters, Condition of Reciprocity and Symmetry in two port network, Inter-relationship between parameters,
Input and Output Impedances in terms of two port parameters, Image impedances in terms of ABCD parameters, Ideal two
port devices, ideal transformer. Tee and Pie circuit representation, Cascade and Parallel Connections.

MODULE-III (8 HOURS) [Online mode: 5 HOURS + 1 Test]

Network Functions & Responses: Concept of complex frequency, driving point and transfer functions for one port and two
port network, poles & zeros of network functions, Restriction on Pole and Zero locations of network function, Time domain
behavior and stability from pole-zero plot, Time domain response from pole zero plot.

Three Phase Circuits: Analysis of unbalanced loads, Neutral shift, Symmetrical components, Analysis of unbalanced system,
power in terms of symmetrical components.

MODULE-IV (9 HOURS) [Online mode: 5 HOURS + 1 Test]
Network Synthesis: Realizability concept, Hurwitz property, positive realness, properties of positive real functions, Synthesis of
R-L, R-C and L-C driving point functions, Foster and Cauer forms.

MODULE-V (6 HOURS) [Online mode: 5 HOURS + 1 Test]

Graph theory: Introduction, Linear graph of a network, Tie-set and cut-set schedule, incidence matrix, Analysis of resistive
network using cut-set and tie-set, Dual of a network.

Filters: Classification of filters, Characteristics of ideal filters.
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“HUGHES Electrical and Electronic Technology”, Revised by J. Hiley, K.
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Reference Sites:

1. NPTEL, The National Programme on Technology Enhanced Learning
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2. MIT OpenCourseWare : https://ocw.mit.edu/index.htm




Course OQutcomes

Upon successful completion of this course, you (students) will be able to

CO1 |Analyze coupled circuits and understand the difference between the
steady state and transient response of 1st and 2nd order circuit and

understand the concept of time constant.

@ors - Learn the different parameters of two port network.

00k Concept of network function and three phases circuit and know the
difference of balanced and unbalanced system and importance of
complex power and its components.

000" Synthesis the electrical network.

00k Analyse the network using graph theory and understand the
importance of filters in electrical system.
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Two-Port Analysis

¢ Special thanks to Oxford University Press, India and
*** The University of Tennessee, USA



Review of one ports

Various two-port descriptions

Terminated nonlinear two-ports

Impedance and admittance matrices of two-ports
Other two-port parameter matrices

The hybrid matrices

The transmission matrices

Interconnection of networks




Review of one ports

Microphone

(D=

Pre-
amplifier

Block Diagram of an Audio Amplifier System

™
s

Tone and
Volume
Controls

Loudspeaker

Y
£

Power
Amplifier

s

1-port

2-port

2-port

2-port

1-port




Review of one ports

Thevenin’s Equivalent Circuit

black box o
oA oA
W,
N ke
9 -
B ] =
A Ry,
IND< y ——CA
/]\ RND = th<+>
B - oB

Norton’s Equivalent Circuit




LTI one ports

o i} e ™
{r/l One port
o > network
7 ‘ Yi . %

Input impedance

Input admittance




Determine the input impedance of the circuit in Fig.

@

Zin ©

|1 = _,Bll +Z_ Vin = (1+IB)ZZIin Zin = (1+:B)ZZ
2
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Determine the output impedance of the circuit in Fig.

| «—
1 O oyt
—
+

o

Out = — ,Bll = (1-|— IB) OUt Zout _ \Ilout _ Zl
1

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal
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A two-port network

Circuits can be considered by theirs terminal variables
Voltages and currents are terminal’s variables
Complex circuit can be analyzed more easily.
There are many kinds of two port parameters.

| |
o 1 Ve N - 2
N Two port V
V1 wop V2
_ network _
O — O




—_— - ——
o0—— ——o0
+ Linear 5]
v, two-port Vs
- network B |
o— ———C .-
o—
Figure: The reference directions of the four port variables in a linear two-port network. +
Linear
v network
s
—
I
(a)
I, I
B -
. . O— —O0
« A two-port Network is an electrical + +
network with two separate ports for E"{‘e‘“k v,
. ctwor &
input and output. ~ -
<k =
I, I
(b)

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Various two-port descriptions

| = g(v) or ?1 — gl(Vl,Vz)
/ / I, = gz(Vlivz)
Port current

Port voltage
%i) or Vi =N(11)

V, =1, (i1’ iz)
Or hybrid

V; = hl(il’VZ)

i2 — hz (il’Vz)




Impedance Parameters

“* Impedance parameters are very useful in designing impedance
matching and power distribution system. Two port network can
either be voltage or current driven. The input and output terminal
voltage can be presented as follows:

Vi=zl+ 245l

V, =2yl + 2550,

where impedance parameters of the system is zZ =
Ly Ly




Two-port

) network @

=40
= +0

o
Ql

Vi = 2yl + 2441
I b ¥ /
(a)

|

T

(e)

Figure: Definition and conceptual measurement circuits for z parameters.




V=2l + 21,

V, =2, + 251,

Vil |Zu Zp || ] 7] I,
Vol 12y Zym | 15 |,
I I,
= i = -
+ +
Linear Linear
A network \Z I (*) Vi network \E (* I

(a) (b)
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Vl Vl
Ly =— Lo = —
11 J 12
1 |2=O 2 |1:O
, VY,
21 — J 22
1 |2:O 2 |1:O

z,, = Open-circuit input impedance

z,, = Open-circuit transfer impedance from port 1 to port 2
z,, = Open-circuit transfer impedance from port 2 to port 1
z,, = Open-circuit output impedance




Il 2
= g
V] -}
Z) = 1_1
vw@® . A
12 V. V
A B _ 1 —
5 ) Z11—I ’ ZZl_I
1 1
(a)
Vl V2
I,=0 I, 212 — 222 -
> —-— | 5 | 5
+ Vl
212 = T
o)
v, } v,
Zh = 2
G——— . o
(b)
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Q -

V® | wopn | @

Q
@

(a) Ly = Ly,

Q =
QN

@ | wopen | @V

Q
®)

(b)
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I, I, I, I,

— - — S
o—f %2 22— o———— 4 22 —©
+ + + -
\ Z12 v, Vv zp 1 z 1, Vv,
o o o o

(a) (b)
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N
I I,
— B —

O l:n O
+ +
® @

v | v

< B
O |
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» Determine the z parameters for the circuit:

20 Q 30 Q
o—— AW ANVVN—o0
40 €
o O
Z19 3.000E+01 Z1y 2 000E+01
2,1 2.000E+01 7 5 000E+01




Determine the impedance parameters from the circuit in Fig.

L o J2
O -

+—++ 2 )

Vi —— 0.1F V,

o o

In frequency domain

Vl=4I2+E(I1+I2)=EI1+(4+E)I2

S S S
10 10 10
S _ S _ S

10 4s+10

7 _ u Q2| | s S
Zyp Ly 10 3s+10

S S




Or the simplest

approach is apply

L Delta-Star conversion,
Compute the z-parameter of the circuit in Fig. and then solve through

I, R, | Z-parameter
o> Ao
+ +
Vl $R1® R3 V2
e 5
R, Ry




V1:

~ Ri(Ry + Rs)
R1 + R, + Ry

"R +R, +Ry

Ry

(Rl_R

+R; +Rg

)+

RiRg

RiRs
R+ R, +R3

I

1

R R,

I

R +R, +R3

Ry(R +Ry)

I Ry (R; +R3)

R+ R, +Rg

RiR;)

R+ R, +Rj3
RiRs)

R+ R, +Rj
R3(Ry + Ry)

R+ Ry, +Rg

R1+R2+R3_




Z parameter analysis of terminated two-port

O —bll " N -2 |
+ +
V, Two port V, 7,
i network i
O O |
\ 4
Z-parameter equations
V. | |z zo [ 1, ]
1|4 4z v, =-71,
Vo | |21 Zp |1
Vil | 12 l;




From Crammer’s rules

Vi 19
|, = 0 z,,+7Z, _ (2o, +Z WV,
Z11 219 211(20p +Z ) = 2152y

Iy Ip+Z
The input impedance Z;,
L1221

Lin =711 —
11
" Zoo +Z,

and
Zygly = (250 +Z) )1,

L9
Zyp +2Z,

I 1




21229
Vi =29l + 2551, = 7y - l,
Zyp +2Z|

Va VIV, %:1 AR A In

Gain: = , . .
Vs Vs Vl Zin "'Zs Z22 "'ZL %n Z22 +ZL Zin +Zs

I

2

A L
222 +

Zyl
Va §ZL

Terminated two-port Z-parameter model




The circuit in Figure is a two-stage transistor amplifier. The Z-parameters
for each stage are

350 2.667 1.0262x10° 6,790.8
Z = =
Y1 210° 6,667 1.0258x10°  6,793.5
|
0.5Q Il s ™ ? ~ ~ I0ut
AN
+ /4 + Z- +
V, @ A N\ v, Vour< 160
| ;r Stage 1 N ) r Stage 2 )
Zin ‘ ZinZ‘
Determine a) The input impedance Lin

b) The overall voltage gain
c) Check the matching of the load and output impedance




Solution

Z1oZ
7 g __f12%21
in2 11 S
6
_1.0262-10° — 6790.8x1.0258-10
6/93.5+16
=3,159 Q
Vout _ Z, Zsq
V, Zoo + £ ZLino

~16(1.0258-10°)
(16 + 6793.5)3,159
= 0.7629




Z,,1 =2kl Z;,, =2000 // 3159
L1229
Zyp + 214
2.667 x10°

_I_
6667 +1224.7
=687.9 Q
Vo 2y In
V

S

Lin =21y —

ZL1 + Z22 Zs + Zin

(12247 ~10°
1224.7+ 6667 )| 75+687.9

=-203.4

0.902 225 6
V2 _ Vl V2 in

=1224 .7Q)

L Iy

Zyy+Z, Zin+Ze




The overall voltage gain

A\/S _ Vout _ Vout V2
Vs V2 Vs
=0.7629x (—203.4)
=-155.2V /V
Out put impedance vV
Lout = I_2
2 Iv,=0

Job for you... To show that?

219291
R, + 244

Lowt = Zpp —




219291
R, + 214

2. 667 x10°

0.5+350
=14.276k Q

Ry, = Zoy /1 2k =1.7542K Q)

6790.8-1.0258 x10°
1754.24 +1.0262 x10°

Lowtt = Zpp —

= 6667+

Z,,: =6793.5-

=16.93Q

Thus, the load is closely matched to the output impedance.
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Admittance Parameters

* Admittance parameters are very useful for describing the network
when impedance parameters may not be existed. This is solved by
finding the second set of parameters by expressing the terminal
current in term of the voltage. The input and output terminal
current can be presented as follows:

l; = Y11y + Y1V,

;= Y21V YooV,
Yiuu Yo
Yo o Y

where admittance parameters of the systemisy =

These parameters are call short-circuited admittance parameters.




where vy,

Y12
Yo1
Yoo

1

Yo =22
=l
V2=0

o=l

12

y -2

22 35
Vl‘V,:O

short-circuit input impedance

short-circuit transfer impedance from port 2 to 1

short-circuit transfer impedance from port 1 to 2

short-circuit output impedance




/| /5 !
e -~ -
Two-port @
+
Nz @ network @ Vs 4 @ ®
/ vl + vl _ iy
Y il
/;71”1’ §A|~\“ l'll 0
b
(a) (b)

/, /s
._9 ‘:—
@ ) %JJ:)Vz U @D @

——o
) = /‘l ‘ y — L
l l“l‘ N0 2 *lillit
(c) 4 (d)
s>
P—t—r
(D @ 1
| l;
& l.' I {
(e)

Figure: Definition and conceptual measurement circuits for y parameters.
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. = V1 + y12V2
ll ; I, =Yy, §
C ) =Y Vi +Y»nVs,
+ Yu V, . I2 _ y21
vV "
IICD 1 y2| = VI 5 Vl
| Yiz | Vi | [y]
| | Y11 _ y
(a) 1 V 2
} Yo 2
5 l, Yo
I, C
o 1 :
+ ¥1i2= V2 V2 C* 12
Y= Vz (_}
) (b)

jan Biswal
Ranjan
Dr. Gyan
Network Theory
Burla
VSSUT,



| |
L _
Yii= , Yo = v
1v,=0 21v=0
| |
_ L LY
Yo = —V , Yoo = —V

Y., = Short-circuit input admittance

Y., = Short-circuit transfer admittance from port 1 to port 2
Y,, = Short-circuit transfer admittance from port 2 to port 1
Y,, = Short-circuit output admittance




_ Vl _ V2

Yii = 1 Yo = 1

1 1

_ Vl _ V2

Yio = 1. Yoo = 1.

2 2

I 15} L I
S - —_— S
O ~¥492 '0) O ')
4 + + s
\ Yii+Yi2 Y22 +¥i2 v, VvV, |¥u Y| v,
Y12V2 Y21V
o o o o
(a) (b)

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



e Obtain the y parameters for the || network shown:

2 Q)
O AVAVAVAY, O
4 €) 8 €
O O
Yu  |7.500E-01 Y1 -5.000E-01
Y, |-5.000E-01 Voo 6.250E-01




i 2Q =
O AR O
i +

O |
Q |

+ Q9

1
vi=0 342 8e3 v, (DL y12——25—)’z1

1

1
Yiut+ Y =4:>y11 =4—y12 =0.75S

Q|
Q|

() 1 1
Yoot Y= é = Y :8—y12 =0.625S
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« Determine the y parameters for the T network shown:

Y

Yo1

2

&

80 4Q
0 AAM——AA—L—0
%Q
O O
1.500E-01 Y12  |-5.000E-02
-2.500E-01 2 500E-01

Yo




+ O

O |
&1
ol

(b)

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



At nodel,vlgvO =21, +

V, , V-0
2

ButllzVl — Vo 3V

—Vo , therefore, 0 = VimVo 3V
8 8 4

0=V,-V,+6V, =V, =-5V

0
Hmum,h::_5vg_\4::—075\g

and y,, = \I/l _705Ve 5155

1 oV,




At node 2, Vo —0

+21,+1,=0

or —1,=0.25V, -15V, =—1.25V,
I, 125V,
V, -5V

0

Hence,y,, = =—-0.25S

Similarly, we gety,, and y,, using Fig. (b). At node 1,

-V, :2I1+\;° +V°_V2

Butl, = O_8V° , therefore, 0 =— Vo + \;‘3 + Vo ;VZ

or0=-V, +4V, +2V, -2V, =V, = 2.5V,




Hence, y,, = =V _ 055

V, 25V,

At node2,V°;V2 +21,+1,=0
2V,

or—1,=0.25V, —411(2.5)v0 ~ 5.0 =-0625V,
Thus, y,, = o 0625V, _ 4555
V, 25V

Notice that y,, # Y,, In this case, since the network
IS not reciprocal.




Determine the admittance parameters from the circuit in Fig.

ly < l,
O— Y, O
+ 5V, +
O | 0

I =YV +Y, (Vp V) = (Y + Y5V, = YoV,

{Il}:{Yl_FYZ Y le} Yig =Y1+Yy, Yip =Y




Compute the y-parameter of the circuit in Fig.

|, 10 |1 l,

o—> AN La
+
Vi §1Q §19 V1 g
o

l, =V, +(V V1) 2V, V1—2V1__V2
1. 1 a9 2

I, = _g I, = _g[_v1 +(; Vl):| = _5V1+¥V2

{Il} 2 a {Vl} Yi1 =2, Y12:_%
Va Y21:—% ) Y22:%2




Y parameter analysis of terminated two-port

+ T " +

V1 WO por V2 Y,

i network i

O —'y S—
\ J

Y-parameter equations

I V
1 Yiu Y2 | Vil =y,
5 Yor Yoo | V2
|1} Y11 Y12 Vi
Yor Yoo +Y ||V




From Crammer’s rules

) Y12
V. = 0 Yyo+Y | (Y2 +Y1)
| = —
Y11 Y12 Vi1 (Yoo +YL) = Yo Y1
+Y
The input admittance Y;, Ya Y2 T
Y=y, — Y12Y21
Y11 (Yoo + Y1)
and
YorVp = (Yo +Y )V,
V2 _ Yo1 Vl

Yoo + YL




Yy
12Y21 v,
Yoo + YL

l; = Y1 Vi + Y1oVo =| Vi1 —

Gain:

Terminated two-port Y-parameter model
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Two-port Devices and the Hybrid Model

s»H-parameter is the combination of Z and Y parameter defined by

Input
port

Two-port
active
device

Output
% port

Fig. 8.4 A two-port network.

" |f the current i; and the voltage v, are independent and if the two-port is

linear,

vy =hy i+ hysv,

Iy =Ny i+ hssv,

= The quantities h,,, hy,, h,;, and h,, are called the h, or hybrid, parameters.

= H-parameter is commonly used in transistor modeling.




_ ¥
h11=_

- = input resistance with output short-circuit (ohms).
h

3y =0

Ly

= fraction of output voltage at input with input open-circuited, or
1:'
2

=0 more simply, reverse-open-circuit voltage amplification
(dimensionless).

= negative of current transfer ratio (or current gain) with output short-
circuited. (Note that the current into a load across the output port
would be the negative of i;.) This parameter is usually referred to,
simply, as the short-circuit current gain (dimensionless).

_ I
h21=-_

I

Vo= 0

fz
h?? —

Vs

= output conductance with input open-circuited (mhos).

il=ﬂ
i =11 = input o = 22 = output
=21 = forward transfer r = 12 = reverse transfer

In the case of transistors, another subscript (b, e, or ¢) 1s added to designate the type of configuration.
For example,

Ny, = Iy, = Input resistance in common-base configuration

hg, = Iy, = short-circuit forward current gain in common-emitter circuit

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



eThe h-parameters are named
specifically as follows:

= hy; = short circuit input ] s,
impedance " —
+
= hy, = open circuit reverse +
voltage gain hiaV O th?-"' 2,
= h,, = short circuit forward

current gain

= h,, = open circuit output
admittance V; =hyl +h,V,
I, =hyl, +h,,V,

NS MM




Two-port "
network @ 2 @
{ Ay T hioks hy lf
I = hyd, + hsl y k=
(b)
(a)
I
-
O———o
_+,.
@ @) v N ©) ©)
Ol
' i
iy =~ g =B
,. " 1"' v : ' /l | i)
) A (d)
-
@® @ Vs
o
I
f151 [;",g -
(e)

Figure : Definition and conceptual measurement circuits for h parameters.
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—f> ———
, Two-port "
W @ network NNE @ @
0
Lh=guW + gl we. 1
el l |I 0
V= 5 |‘ I oY | /
(b)
(a)
/)
.G—q—).
i
0) ) h A ® @ ¥,
© b0
= l:'\ - Vl“
s /_ i } " = ‘l ‘I )
(c) (d)

Q

(e)

Figure: Definition and conceptual measurement circuits for g parameters.
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Hybrid Parameter Model

Linear Two port
Device

Vi = hllli +hlZVo = hili +hrVo
|, =h,l.+h,V =h1 +hV
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h-Parameters

h,; = h; = Input Resistance

h,, = h, = Reverse Transfer Voltage Ratio
h,, = he= Forward Transfer Current Ratio
h,, = h, = Output Admittance
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The Model

h;
iy (in ohms) iy
+?—'\_} NN o i) +
+ hﬂ
Vi h, Vs C) (Y) hj'fl E;SV) Vs
_d 5 1

Fig. 8.5  The hybrid model for the two-port network of
Fig. 8.4. The parameters h, and hy are
dimensionless.
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Transistor Hybrid Model

¢ CE- configuration

Vg = f,(I5,V:)
. =f,(I5,V.)

e Using Taylor’s series expansion

AV, :(11 Al + oty AV,
Ol v OV, .

Al 28_1_:2 Al + Ay AV,
Ol v OV, .




e For small signal (incremental analysis)

Vb — hielb + hrch

Ic — hfelb + hoch

Where




e |f a parameter is constant, its incremental change is zero.

For example: if V. is constant, then it is equivalent to v_=0.
if I is constant, then it is equivalent to i,=0.

h= Mol % h, = b
re aV — Vv or re _V
Clig C li,=0 ¢ l1,=0
CE
BO—AW, +—&0¢C
+ : Nie : +
Vb : hre'ln",: CD CD hfeftl ghue : Ve
- I | -
EC : ______________ . ____E (O E cC
h- GGG e e
E{E > "ﬂf\r £« {,;JE




Graphical analysis of CE configuration

" The large-signal response of transistors are obtained graphically. For
small signals the transistor operates with reasonable linearity, and we
inquire into small-signal linear models which represent the operation
of the transistor in the active region.

A -
o Ic
Ry B r"/ R
AN ——O—] ; L
E— LE | VOE
Iy T =]
( ::‘. VBE i -
b { |__: Veeo
(. - |
] =
Vieg —

Fig. 8.1 The CE fransistor configuration.




Graphical Analysis of the CE Configuration

= Notation instantaneous values are
represented by lowercase letters (i for
current, v for voltage, and p for power).
Maximum, average (dc), and effective, or
root-mean-square (rms), values are
represented by the uppercase letter (dc)
values instantaneous total values are
indicated by the uppercase subscript of
the proper electrode varying components
from some quiescent value are indicated
by the lowercase subscript.

. = f(IB,VCE)

—0.6

—0.5

|
=
I~

|
it
b

Base voltage Vg, V
I
=
Ll

I
=

Fig. 5.11

I
T'=15°C
Vex=—-1.0 V=
—0.3
—02
.-"""..'-

/. ——

f‘/’-

-1 -2 —3 —4 -5
Base current /3, mA

Typical common-emitter input
characteristics of the p-n-p
germanium junction transistor
of Fig. 5.10.




|/P and O/P Characteristics

Ic (mA)
iiiii
‘ 90 pA | : ! : T (A PR e T
” / [70uA T 100 - cE=
/] | — 60pA | . 90 - Vep=20V
(Suturation region) 5 |- 1 s = S0pA L e 80—
i 70 |-
4
60 —
N 50—
4n —
o 30 |-
= l - 20
‘ s =
—t 1 | 1 afeg ] | /s =0pA I [ P | O
o 5 DI 20 Ve (V) o 02 04 06 08 L0y (v
ra (Cutoff region) "

Teea™ Bleno

O/P or Collector Characteristics (n-p-n) /P or Base Characteristics (n-p-n)

Ic:f(|B1VCE) VBE:f(IB’VCE)
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e Find the hybrid parameters for the two-port network:

2 Q 3 Q
o— MWWV ANVVW—0

6 Q
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2Q 30 b
O—AA— WY O
+ +
From Fig. (a), 1 G V, § 60 V,=0
V1=|1(2—|—3||6)=4|1 _ ~
Vl O O
Hence, hll — |_ - 4 Q (a)
1
6 , 2 L=0 »29 30 L
=1 =21, e —
6+3 ° 3 S .
Hence-: |—2 =—— Vi 6 Q @) V2
1
o o
(b)
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O— MWW WW——0
+ +
From Fig.(b),
9.(b) AOR! §6Q V,=0
6,2,
' 6+3 % 3° o o
Hence, hlzzﬁ:% (@)
‘ L=0 20 30 L
Also, V2 =(3+6)|2 =9|2 O A AMMN——— 5
1, 1 ¥
Thus, hzzzvzzgs v 60 @ v,
o o

(b)
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Determine the h-parameter of the two-port circuit shown in Fig.

Iy

+ [
Vl
O
R 1
vl_a—zllfgva
LoV Ve Ve Ve
R R R

1
V, ==V I, =—al,
1 a 2
A R
d
_ R 1_
1l
| a i




Find the h-parameter of the circuit in Fig. assuming L,=L,=M=1H

In frequency domain

N

IA1 =1 -V;




V, =sL,1, +SMI; =sL, 1, +sM (I, =V, )

SMV, — (1+sL,)1, = sMI, -V,

In matrix form

1+sl, —sM Vil |skh Ol
sM —(1+sLy) |1, ] [sM —1|V,

V,] [1+sly  —sM T [sy o071
{lj{sm ~@+sLy) | [sM 1]V,




WithL,=L,=M=1H

Vi| |1+s

L, | | s

1
2s+1

s s
—(1+5s) S

v
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Transmission parameter

The T-parameter or transmission parameters are used in power system and it is
called ABCD parameter. The transmission parameter is defined by

\F

or

vy

This means that the power flows into the input port and flow out to the load

from the output port.

T-parameter can be calculated from

LY R}
11_V 12 — |

2 11,=0 2 v,=0
t _I_l t __I_l
21 _V 22 — |

Vi

1

Va

A B
C D

) -1y

Open or short circuit at
the output port




—_— —_—
O o)
+ +
Linear
V-
Vi two-port -
O ®)
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a = Open-circuit voltage gain

b = Negative short-circuit transfer impedance
¢ = Open-circuit transfer admittance

d = Negative short-circuit current gain

AD-BC=1 ad-bc=1




e Find the transmission parameters for the two-port network:

1. 10Q 3
o———— MW + —
20 Q)
@, O
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From Fig.(a),
V, =(10+20)I, =301, and V, =201, -3I, =171,

Thus
A= Vi =30I1 =1.765, C= L = l, =0.0588 S
, 171, Vv, 171,
i 3,
O AN + —
+

Q
O 1

(a)
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From Fig.(b),
Vl_va Va
——41, =
10 20 (b)
ButV, =3I, and I, =(V,-V,)/10,
=V, =3I, V=13l
3l 17

=1, -"L4l,=0=—1 =-I
1 20 2 20 1 2

20 VvV, -131,

D=--1=2"-1176, B=-—L= =15.29 O
17 V, (17/20)1,




Determine the t-parameter of the circuit shown in Fig .

QD oo




One of the most importance characteristics of the two-port circuit with
T-parameter is to determine the overall cascade parameter.

1y s Nl I3 S~y

O—»— —»—O——P» —»—0

+ + + +

V]_ T 1 V2 V3 T2 V4

O— o— — O
N J - J




Inverse Transmission parameter

V, {A’ B’]Vl_




TABLE 19.1

zZ y h g d t

8 & 2 Y2 Yo A hy 1 82 A Ay d 1
! N A,\‘ A, hs, h,, 21 811 C C c ¢
o .. ¥ ¥u o b 1 g A 1 DA
o * Ay Ay hs> hy; g g C C c ¢
Zm %o 1 b 4 gz D A 2 1
Y A, Tax, ™M "™ Rl Thy 82 #m B B b b
=y B by A B L _L LG d
A. A, T Yoz hy hy g2 22 B B b b

A- 9 | q ) a9 A
h e Zi2 = _¥n hy, hy> g2 _&n E il ) E l
23 22 Y Y A, A D D a a
Z3) | Y2 A, 221 21 1 C A, ¢
= = hy, h,, e - = = = =
Zy L5k) Yu Yu A, A, D D a a
1 % Ry Y12 h,  his c A ¢ !
& Z) Zy, ¥ ¥ Ay A, 5 85 A A d d
m Ay 1 b hy B A b
7 Zy Yoz Va2 A, A, =) fa A A d d

A. 22 A h 22
T 214 4 _¥n = 1 e =y ._]_ 822 A B 1 __ll.
Z3 Z3 Y21 ¥ai hy, h, g2 g2 A, A,
2 A\ h”’ A

. Zn = _In 22 ., g ol C D A a
Z) 7 Yo Yo hy, hy, 821 821 A, A,

7y A, Yo 1 1 hy, A, g2 D B
t =2 = s = =8 = = a b

Zy> Zy Yi2 Yiz h» h;, 212 212 Ay Ay
U om A yn b A g 1L € A

z), z), ¥i2 Yiz h; hy, g2 g2 Ay Ay

A. = zyy201 — 21223y, A, = hyhay = hyshyy, A; = AD - BC
AL = ¥i¥a2 — Yiyar. A, = 2182z — 8282 A, =ad ~ be
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Some Extra Problems

* Find [z] and [g] of a two-port network if
(10 15Q]

=15 4

e Solution:

If A=10, B=1.5 C =2, D=4, the determinant of the
matrix IS
A, =AD-BC=40-3=37




zllzgzlzo:S, zlzzAC;=327:18.5
221:é=%:0.5, zzzzg:gzz
911:%=1%=0.2, 912=—AKT=—%:—3-7
921:%:11:0-1, 922=i=]]'_'05=0.15

0
5 185 0.2S -3.7
Thus. (2] { }Q’ ol { 0.1 0.15 Q}
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Interconnection of two-port network

Two port networks can be connected in series parallel or
cascaded

Series and parallel of two-port have 4 configurations
— Series input-series output (Z-parameter)
— Series input-parallel output (h-parameter)
— Parallel in put-series output (g or h-*-parameter)
— Parallel input-parallel output (Y-parameter)

With proper choice of parameters the combined parameters
can be added together.




+ +
V11 Zl V21
P
Vi
+ +
) Vio Z2 V22
o +—0
/=71+Z>
G —O
+ + +
G, Va1
—
V,
+
G2 Vay -
o—7_— 0
G=G 1+G 2

Va

V,

@7
+ o+
Vi1 Hl
—
Vi
+
) Vi, H2
67_
H=H,+H,
G
+
Y1
—
\
_ Y
o—1
Y:Y1+Y2
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Interconnection of Two- Port Networks

Three ways that two ports are interconnected:

*  Parallel 4[ y } Y parameters
S [yl=ly,] + Ly, ]

AR

Z parameters
*  Series [ a] [Z]=|.Za] n I.Zb]
ABCD parameters

* Cascade T, [T, [T ]= I_Ta] I.Tb]




Interconnection of Networks

Example: Bridge-T network




! Z i
i i
| |
i i
e e .4
B !
| |
R i
| |
l, — "/i i"/ — |,
1 Z z 1
+ | 1 z |
i i +
i !
! !
W, ! Z; !
! ! v
! ! :
! !
! !
! !
- I I
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Z, + 7,

For network N2 Yy, =
ZZ,+ZZ,+Z,Z,
’ — _ 23
7] |:Zl +4 4 } . T 22,+22,+2,2,
Z, Z,+Z, Lo - Z,
N LZ,+ 7,7, + 7,7,
| Z +Z,
Y =72, v 22, + 2.2,
For network N1 b L
JI11 T Z4
1
T]=| - co
—_—
0 1 Vo = _L
Z
1
Y = 2_4

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal



Y-parameters of the bridge-T network are

o Z,+Z,

Mee 7 27 +Z7Z,+7,7,

1 Z,

Yow =" 7 T 77 177, + 7.7,

1 Z,

“Mee 7 77, +7,7.+ 7,7,
1 Z, +Z,

You = 7 N 77 77 12,7,

VSSUT, Burla

Network Theory
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Interconnection of Networks

I | I, |
[z]=1Z.]1+]2] — <~ -
4 +
+ ) [+
Vla Na V2a
V] I]' I]b 1217 'Iz V2
— -
+ +
V” Nb V2b
-/ .
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Interconnection of Networks

 Evaluate V,/V; In the circuit in Fig.:

s L L
—VWW—0 O
. Z11=12Q "
Zp =8 Q
Z,; =8 2
25, =20 Q

10 Q

VSSUT, Burla

Network Theory

Dr. Gyan Ranjan Biswal



This may be regarded as two - ports in series.
For N,

Zioy =2y =10=12,4, =27,

Thus,

12 87 [10 101 [22 18
[Z]:[Zah[zb]{s 20}{10 10}{18 30}
But

V,=z,l,+2,1, =221, +18l,
V, =24l,+2,,1,=18l, + 301,




Also, at the input port 'V, =V, -5l,
and at the output port V, =-201, = I, = _\2/_(2)

— V, -5, =221, —%vz =V, =271, - 0.9V,

=NVA :18I1—2—8V2 1, =22y,

18
2.5
18

And also, VZ: 1 =0.3509
V. 2.85

S




Thank you

VSSUT, Burla Network Theory Dr. Gyan Ranjan Biswal
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Relations between two-port parameters

G. G. JOHNSTONETY and J. H. B. DEANEY

In the course of our research activities we have had frequent need for a set of
relations between the parameters of two-port networks. Whilst some of these are
scattered throughout the literature, it is not possible to find a comprehensive,
error-free collection; with this in mind, we have compiled such a set.

Notation
The following notation is used below:

M=[m“ m12:|
my;, My,
where M is any of the matrices Z, Y, H,G, 4, B,S, T, U. These in turn are defined in

terms of the quantities indicated in the Figure.
Throughout, Z represents the impedance matrix and Y the admittance matrix:

[91]=|:211 zy; | [i1:| and [in]=[Y11 sz—H:”l]
P Z21 232 i iy Ya1 Yaz || V2

The h-parameter matrix is H and G is its inverse:

["l]=[h1n hxz][i1:| and [i1]=|:811 gxz:ll:vx]
i hyy haa ]| vz Uy 821 822 i

Received 3 December 1990; accepted 3 December 1990.
tDepartment of Electronic and Electrical Engineering, University of Surrey, Guildford,
Surrey GU2 5XH, UK.

0020-7217/91 $3.00 © 1991 Taylor & Francis Lid.



Downloaded by [University of Bristol] at 03:50 28 January 2015

108 G. G. Johnstone and J. H. B, Deane

The elements of A are known as the general circuit constants and conventionally
designated A, B, C,D; we depart from this convention by using the more logical
notation A=a,,, B=a,,, C=a,, and D=a,, QOur matrix B is defined as the
inverse of A, so that

i 0] = [ 2]
iy azy Gz —i —i byy by ||

In order to make our results of as general application as possible, we have
allowed for unequal characteristic impedances by using the following definitions of
ay,dy, by, b, in terms of vy, v,,1,,1,:

ali+Zoiiy b ahi—Zg i,
= 1

2/2,, " 2 /Z,,

a,

aUatZosis b aV2—Zoais

2 Y 2 Zes

The scattering matrix is denoted by S and is defined as follows:

I:bl]=|:511 512 [al]
b, 521 S22 | |42

We denote the scattering transfer matrix by T and the inverse of T by U, i.e.

s ) s 20
a, t21 tza || b2 b, Uy Uy |la

Throughout the following it has been convenient to use

a
AySmyymy;—mmy,

for the determinant of any of the above matrices.

We present below all the relationships between the various two-port parameters
mentioned above. The two-port parameters themselves fall naturally inte two
classes:

(a) the wave parameters S, T,U which comprise one class and are so called
because they relate the forward and backward wave amplitudes; and

{b) the circuit parameters Z, ¥, H, G, A, B which form the other class and are so
called because they relate voltages and currents to each other.
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The relationships presented below are then split into four sets. Set 1 contains
the relationships between the wave parameters (e.g. § in terms of T). Set 2
contains the relationships between the circuit parameters {(e.g. Y in terms of Z). Set
3 contains the wave parameters in terms of the circuit parameters {e.g. § in terms
of Z). Set 4 contains the circuit parameters in terms of the wave parameters (e.g. Z
in terms of ).

In conclusion, a comment on the need for this many sets of parameters is
called for. The Z, Y and § parameters are widely used for their relationships to the
familiar quantities of impedance, admittance and forward/backward wave ratios.
The H and G parameters are widely used in the context of active devices, where
the parameters are readily identifiable with familiar concepts. However, none of
these matrices can be meaningfully multiplied together o give the overall matrix
for n two-ports cascaded. For this purpose, the A,B,T and U matrices are
required, since we can write

I:Ul]=A A A[Unj
1.1 14%2--+4%p ——i"_

[ P T:B,,...BZB,I:'{‘
— 1, Il

bl_ a,
=T\T,...T,
|:01_ Tl 2 n[b":l
[a":l= U".. . UzUl[bl]
b, a,

The need for these four sets of equations arises with non-reciprocal networks. In
particular, if there is zero transmission in one direction, only one of each of
A/B, T/U exists.

There is no overriding criterion for choice between the use of Z, Y,G,H, A and B.

REFERENCE
BaLaBian, N, and Bickarr, T. A, 1968, Electrical Network Theory (New York: Wiley).

1 tio AT 1 —Uy2 1

S = —_— T —
tap L 1 —ty un L Av un

r = L [-8s su]_ i[ 29 -’un]
snl—s22 1] Apl-ua un

g = L [1 —311.=_1_[t22 —tn]
s12 [s22 —As] Arl-tn in

Set 1. Wave parameter relations.
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g2

1
B = —
212
1
dq12
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[ y22

a1
t

<22

[ a22
| -1

F Ay
L—221

ay2
| -1

| #21

21

(311

L J11
222
-1

an

L Y21

[ — 221

—yn] — L [ Ax hlZ] — 1 [ 1 —912]
y1 hog [ —har 1 g1 Lgnn  Ag

o B o
azz| by A bn

—212] -

—h12] - 1 [ Ag 912]
211 g2

1 [ 1
h11 h21 AH —gn 1

Pr iV

a1 | " bzl A —ba

212] _ 1 [ 1 —yn] _ 1 [ 922 —912]
1 yu Ly Ay Ag L-921 g
ol b

az1 b LAp bn

—212]= [ Ay w2 1 [ hy —h12]

Az ya2 L=y 1 =—L§; ~h21  hn
vl R o
a12 | by L-AB b1z

/-\z]z—_l Y22 1]=—_1[AH hu]
222 ya LAy ¥n hay Lhae 1

922] _ L[ b2 —blz]
Ag Ag l-ban bn

—AZ]__l_ -y 1 ]__1__[ 1 —hn]
m ] oyl Ay —ym hia L =h22 Apg

-1

-Ag 922] _ L[ az; —012]
Aa

—a21 a1

Set 2. Circuit parameter relations.
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GENERALIZED TWO-PORT PERFORMANCE EVALUATION

S.M. Potirakis, G.E.Alexakis, and G.S.Tombras
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Panepistimiopolis, Athens 157 84, Greece, e-mail: gtombras(@atlas.uoa.gr

ABSTRACT

A generalized approach to linear two-port per-
formance evaluation and determination of two-port
performance characteristics is presented in this
paper. These are analytically defined and derived in
terms of general hybrid parameters, covering z-, y-,
h-, and g- two-port parameters. This analysis re-
veals significant interrelation properties which al-
low the derivation of any two-port performance
characteristic from just two of them.

1. INTRODUCTION

Two-port representation of linear networks, [1,2,3],
offers the advantages of generality, conceptual simplic-
ity and physical confent, since two-port parameters
provide full information about input and output vari-
ables’ physical relation. In literature, two-port per-
formance, in the form of driving point and transfer or
network functions, [2,3,4], is separately evaluated for
either z-, y-, h- or g- circuit parameters, [1,2,5]. In ad-
dition, performance evaluation relations, in the form of
network functions, are often derived by inspection and
comparison to some general theory relations, e.g.,
feedback theory, [1,5]. The resemblance among sepa-
rately derived expressions, i.e., through different pa-
rameter representation, leads to a generalized notation
met only in advanced circuit theory, [3,4,6], although a
complete set of generalized performance characteristics
has not been presented, yet. Therefore, the field of
systematic and generalized linear two-port performance
evaluation for all possible forward and reverse charac-
teristics such as driving point, forward, and reverse
transfer functions is still open.

In this work, we define in a strict manner and de-
tive a complete set of forward and reverse performance
characteristics in terms of a generalized set of circuit
parameters covering z-, y-, h-, and g- parameters. As it
is shown, the morphological symmetry between the
performance characteristics of opposite direction as
well as the relations among those of the same direction
reveal a kind of interrelation. Thus, based on knowl-
edge of any two - not straightforwardly related - per-
formance characteristics, expressed in any kind of two-
port parameters, we can derive any performance char-
acteristic, in terms of z-, y-, h-, or g-parameters, i.e.,,
from just two performance characteristics, forty of them
can be determined.

2. GENERAL HYBRID TWO-PORT
PARAMETERS
The resemblance among matrix representations of
Z-, ¥-, h-, and g- two-port parameters leads to the idea
of using a “general hybrid matrix” H representation
with “general hybrid parameters”, k, [4], although, it
has never, to our knowledge, been strictly defined as a

model:
My ] {kn ku}r

w |
)" 4] @

kyp kpllw

The correspondence of this generalized notation to the
matrix notation of z-, y-, h-, and g- parameters is given
in Table I, while, it should be mentioned that k-
parameters notation corresponds to that, alternatively
used, for m-, k-, or y- parameters, [4,6,7].

Z- parameters _y-parameters h-parameters g-parameters

Variables (gll” <<y77 (L.l:) ((y77 (Lu3> :¢y37 ‘Qll” 617’
subscript “1” Il Vl Vl 11 Il Vl Vl Il
subscript “2” L Vs, v, I v, I, L Vs,

Table 1. Notation correspondence among general hybrid to z-, y-, h-, and g- parameters.

3. TWO-PORT PERFORMANCE EVALUATION

Two-port performance evaluation refers to determi-
nation of its performance characteristics, i.e., its input /
output variables ratios. These are also termed as for-
ward (or reverse) ratios and correspond to a specific
(forward or reverse) signal flow direction, i.e., input-to-
output or vice-versa.

When the performance characteristics of a two-port
are strictly defined and derived based on the k-
parameter representation, a designated “symmetry”
between forward and reverse ones will be revealed. In
this case, the term “symmetry” indicates a morphologi-

cal resemblance between performance characteristics of
opposite signal direction that leads to a kind of inter-
relation. As a result, knowledge of one of them can
lead to the derivation of it’s “symmetrical” (opposite
direction) by, simply, following specific “symmetry
transition rules”, i.e., subscript substitutions. Further-
more, an “interrelation” among performance charac-
teristics of the same “direction” can readily be identi-
fied. Hence, knowledge of the expressions of two per-
formance characteristics of the same direction can lead
to the determination of all the rest of the specific di-
rection. In addition, the interrelation among forward
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performance characteristics can lead to the interrelation
among the reverses, by just following the already men-
tioned symmetry transition rules.

Conclusively, based on “interrelation” and
“symmetry transition rules”, knowledge of any two
“non-symmetrical” performance characteristics expres-
sions, in terms of general hybrid k-parameters
(regardless to direction), is adequate for the derivation
of all other performance characteristics expressions, in
terms of general hybrid parameters. The physical inter-
pretation of these performance characteristics, defined

in the following, depends on the correspondence of k-
parameters to z-, y-, h-, or g- parameters. In general,
X;, X, are input and output immittances (impedances

or admitances) respectively, while two of A, B, T and A
performance characteristics indicate voltage and cur-
rent amplification, and two indicate “transimmittances”
(one transimpedance and one transadmitance). The
specific physical content of these, for the cases of z-, y-,
h-, and g- parameters, is presented in Table II.

Performance A B r A X
Characteristic
Parameters Direction: Forward, Subscript “f”(or “i” for X)
z current gain voltage gain transimped. transadmit. input imped.
y voltage gain current gain transadmit. transimped. _input admit.
h transimped. transadmit. current gain voltage gain input imped.
g transadmit. transimped. voltage gain current gain input admit.
Parameters Direction: Reverse, Subscript “r’(or “0” for X)
A current gain voltage gain transadmit. transadmit. output imped.
y voltage gain current gain transimped. transadmit. output admit.
h transadmit. transimped. current gain voltage gain output admit.
g transimped. transadmit. voltage gain current gain output imped.
Table II. Physical interpretation of the generalized performance characteristics
4. DEFINITION AND DETERMINATION OF 1
GENERALIZED PERFORMANCE Ky
CHARACTERISTICS kzl 0y =22 (1gq + ks)
a) Statement. When a linear two-port network is

represented through general hybrid k-parameters, the Ac = 1 A = kioks

following statement will be valid: f= kg1 ’ - k1 +ksg’

"The forward Ag, B ', Ap, Xy, and reverse Ay, B Th kip— ko (k22 + kL)

AL X, perfonnzinie char?c't(’eristic rat.ios are ('ieﬁned n X1 K Zk ”n ) koikio

terms of the “y” and “u” generalized variables as: i~ K11 Koy +kp ki1 +ks’

u u
Af:—z, Bf_lz_: er}iZ“,A :—27 X]:—Xl—
and Arzﬂ ,Br:& ’rrz_u—l— ’
u
2ly,=0 Y2ly =0 Y2ly =0
1<5¢0 ks;‘to kS;O
A= ;Xl— , Xo = 1);—2 , Where (yg. kg) Tep-
2ly.-0 2ly,=0
k=0 k#0

resent a real input source. Then, their expressions in
terms of the general hybrid k-parameters will be :

koy kqo
Af=—— A, =
f k22 +kL ’ T k11+ks ’
B 1
=% ki,
11 12
koo +ky ) - 12
k21kL ( 22 L) kL
1 kotky,
B = R = R
T kp (k )_k21 kop +ki,
kokg k
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where, kg and ky are source and load, impedances or

admittances depending on the case considered, respec-
tively.
b) Verification

For verification of the above statement, forward
and reverse performance characteristics are separately
expressed in terms of general hybrid k-parameters.
For deriving forward “f” ratios expressions, let us consider
a real source connected at the input port and a load at the
output. In addition, for establishing a generalized approach
that could take into account all cases for the general hybrid
k-parameters and reveal the previously mentioned
“symmetry”, we will consider either a real Thevenin source
(Vs, zg) or a Norton equivalent real source (Ig, yg).

2

whether the input variable “y;” is voltage or current.
Similarly, we will consider either an impedance load zj or
an admittance load y; , whether the output variable “y,” is

voltage or current. The corresponding configuration, with
the four possible cases of terminated k- equivalent two-
ports for derivation of forward performance characteristics,
is shown in Figl, where(yj,upe (I, V.(V.I)
(V2:99)e{(Ip.V9)i(Va, )}, and  (kgkp)ei(zs.2p),

(zg.y1 ).(v8-y1 )(yg.21 )}
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Il 12
v, I kequivalent I Vv,
ky=zg ks=Ys
V:‘ ; k-equivalent :b ki LD a k-equivalent ] ke
T T T i
Gup oty Gy 089

Fig. 1. Open and terminated k-equivalent two-ports
for derivation of forward ratios.

For the sources mentioned above, a general nota-
tion (yg,kg) should be used in deriving “total” per-
formance ratios (that is, forward performance charac-
teristics defined as variables ratios of the two-port out-
put to the voltage / current part of the real Thevenin /
Norton source) and yg should. substitute y; in the

statement definitions. However, to reveal the forward-
reverse symmetry, according to statement ii of next
section 5, we should derive the defined performance
characteristics, instead of the “total” ones, thus, abol-
ishing the need of yg notation. Hence, since ky satis-

fies yp=-uyky , eq.(1) leads to:
{ 1 = kiwg +kqoup

)
y2 = kot +kopup = —kLuz}

o up ko

ielding: Af =—=—-—T—"T"— 3
y 8. Af w Koy + kL, 3
Using eqs (2) and (3), all forward ratios can easily be
derived in terms of general hybrid k-parameters. The
complete set of forward performance characteristics,
expres-sed in terms of general hybrid k-parameters, has
already be given with the statement.

For deriving reverse “r” performance characteris-
tics, the two-port network must be excited from its
output port while input sources should be nullified.
However, instead that, for short-circuiting real Theve-
nin sources or open-circuiting real Norton sources, we
can eliminate the ideal part of the source only, so that
kg to remain connected. This approach preserves sym-

metry (as mentioned in statement ii of section 5) since
kg can be considered symmetrical to load immittance

of the reverse performance case. Note that, following
the disconnection of ki, either an ideal voltage or cur-

rent source will be considered connected at the output
port depending on whether variable y, is voltage or

current, respectively. This is shown in Fig. 2.

3)'\1’3' or I

Fig. 2. Configuration for derivation of reverse per-
formance characteristics.

ky k-equivalent

Hence, since kg satisfies yj=-ujkg, eq.(1) leads to:
{Yl =ki1u +kpoup = —wkg } @

y2 =kaqu +kpoup
which, finally, yields A, in terms of general hybrid k-
parameters:

A =2

u

V)
T kn +ks ®

=0
o
In direct analogy to the previous derivation of for-
ward performance characteristics, any reverse ratio can
be derived, using eqs (4) and (5). The complete set of
reverse performance characteristics, expressed in terms
of general hybrid k-parameters has already be given
with the statement.
Finally, the not examined “total” (forward) per-
formance characteristics can be determined by simply
substituting, in the already derived expressions, k|

with kjq+kg. However, although this is possible, it

must be clarified that knowledge of the “total”
(forward) ratios cannot lead to the corresponding re-
verses, because “symmetry” is destroyed due to the fact
that, real sources are not used in evaluating the re-
verses.

5. INTERRELATION PROPERTIES OF
GENERALIZED PERFORMANCE
CHARACTERISTICS
a) Statements
i. There is a symmetry between the following for-
ward-reverse pairs of performance characteristics : (Ag

Ap), Bg Bp), T Ap), (Ap Tp).

This is a morphological symmetry, which allows
“transitions” between the performance characteristics
of any of the above pairs, meaning that one perform-
ance characteristic can readily be specified, by just
knowing its “symmetrical” one. These are performed
according to specific and simple “transition rules” such
as subscript replacement : L —» S, 1 52, and2 — 1,
for a transition from a forward ratio to it’s symmetrical
one,and S > L, 1 = 2, and 2 —1, for reverse transi-
tions.

ii. Forward performance characteristics are inter-
related through general hybrid k-parameters. Similarly,
reverse characteristics are also interrelated through
general hybrid k-parameters. Assuming, arbitrarily and
without damage of generality, that (ApBg) and (A, B;)
are known, these interrelations can be expressed in the
form:

Af

1
Iy =-kpAf.Af =—E:Bf= Xi=-kg B,

1 A
and I} =—IgBr, Ap =-kgA,, X, =—kg Er_
r

Although forward and reverse ratios are given as
functions of A¢ B¢ and A,, B; , respectively, in gen-
eral, any two ratios of the same direction can be con-
sidered known so that the remaining three ratios of this
direction to be derived as their functions. Finally, the
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denoted, by statement i, symmetry transition rules be-
tween forward and reverse ratios lead to the corre-
sponding relations among the extracted reverse ratios.

The above two statements imply that:

a) Several symmetry transition rules are engaging
both directions performance characteristics. Knowing
the expressions for one direction ratios, the expressions
of the other direction ratios are easily derived using
the symmetry transition rules. )

b) The performance characteristics of each direc-
tion are interrelated through general hybrid k-
parameters relations.

c) Combining the above results, the knowledge of
any two non-symmetrical performance characteristics
ratios expressed in terms of general hybrid k-
parameters (regardless to direction) is adequate for
deriving all other ratios, by simply following the sym-
metry transition rules.

b) Verification

Statement i is easily verified because symmetry
between the (AgAp), (BgBy), (Tpd,) and (AgTy) for-
ward-reverse pairs is obvious just by inspection of the
performance characteristics expressions, given in sec-
tion 4. It is also obvious that transition between the
performance characteristics of a pair is performed fol-
fowing the symmetry transition rules denoted above.
This means that, a forward ratio transition to it’s sym-
metrical one is performed by the subscripts replace-
ment LS, 152, and 2—1. Reverse transitions are,
similarly, performed following the corresponding rules.

Statement ii can readily be verified by using the
performance characteristics definitions in terms of y
and u general hybrid variables and the additional rela-
tion, which holds, depending upon the performance
direction, i.e., yy=-ky uy, for forward calculations and
y1=-kguy, for reverse calculations.

Inspecting the resulting relations of statement ii, it
is apparent that the same symmetry (as defined in
statement i) between forward and reverse relations is
present and the same transition rules (denoted also in
statement i) are valid. It is also fairly easy to verify that
each direction ratios can be expressed as functions of
any two known ratios of the same direction and not as
functions of only A and B.

Finally, combining the two statements of this sec-
tion, due to the symmetry and the relations among the
generalized performance characteristics of the same
direction, it is obvious that knowledge of any two non-
symmetrical performance characteristics expressed in
terms of general hybrid k-parameters, regardless to
direction, is adequate for deriving the rest of the ratios
expressions. This means that, knowledge of only two
non-symmetrical performance characteristics, in terms
of a parameters kind belonging to the k-parameters
class, leads to the knowledge of all forty performance
characteristics (in terms of the four parameters kinds
belonging to the k-parameters class).

6. CONCLUSION
An analytical and generalized approach to two-port
performance evaluation is presented in this paper.
Generalized notation of a general hybrid k-parameter

class, covering z-, y-, h-, and g- parameters is adopted.
Despite the analytical definition and determination of a
complete two-port performance characteristics set, in
terms of k-parameters, important interrelation proper-
ties among them are revealed. Using the results of this
approach, it is finally proved that krowing just two
non-symmetrical performance characteristics, ex-
pressed in terms of any of the z-, y-, h-. or g- parame-
ters, all forty performance characteristics can be de-
rived in terms of any of the these parameters.
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Abstract—This paper presents conversion rules between
X-parameters, linearized impedance parameters, linearized
admittance parameters, linearized cascade parameters, linearized
scattering transfer parameters, linearized hybrid parameters,
and linearized inverse hybrid parameters of a two-port network
under large-signal operating conditions. The rules have been
developed along with a set of equations that allow obtaining
the expressions of each linearized parameter from the remaining
ones. The proposed approach has been evaluated, and very good
agreement has been obtained between calculated parameters and
simulated ones.

Index Terms— Conversion rules, linearized admittance,
linearized cascade parameters (ABCD-parameters), linearized
hybrid parameters (G-parameters), linearized impedance,
linearized inverse hybrid parameters (H-parameters), linearized
scattering transfer parameters (7-parameters), network
parameters, nonlinear, two-port, X-parameters.

I. INTRODUCTION

-PARAMETERS were introduced in 2005 [1-[3], and
X they represent new nonlinear scattering parameters,
applicable to passive and active circuits under small- and
large-signal excitation [4]. The main limitation is that
X-parameters are not directly suitable for the analytic analysis
of different network configurations. For example, they are not
cascadable in their original form. For this reason, linearize
scattering transfer parameters (7-parameters) are defined
which are cascadable in their matrix format. This means that
multiplying the individual 7 matrices of cascaded two-port
networks leads to the overall resultan 7 matrix of the cascade
system. The description of a nonlinear network havin ports
and m harmonics can be described using n x m equations.
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In addition to X-parameters and 7-parameters, linearized two-
port networks can be described by their linearized impedance
parameters (Z-parameters), linearized admittance parame-
ters (Y-parameters), linearized cascade parameters (ABCD-
parameters), linearized hybrid parameters (G-parameters), and
linearized inverse hybrid parameters (H-parameters). The
resulting linearized two-port parameters define the terminal
voltage/current relationships of the two-port under specific
operating conditions, such as dc bias, input power level, and
temperature. With these linearized parameters, voltages and
currents are used to define the independent and dependent
variables instead of incident and reflected waves. At high
frequencies, these linearized parameters cannot be measured
directly and accurately at high frequency. However, they are
useful to nonlinear circuit modeling and design. For example,
they describe different network topologies such as series,
parallel, series-to-parallel, parallel-to-series, and cascade. This
was the motivation to introduce a new set of equations in this
paper that allow determining the values of these linearized net-
work parameters from X-parameter measurements. Developin
conversion rules between these parameters is very important.
These will be useful, for example, to exploit X-parameters
to more accurately and quickly build a nonlinear equiva-
lent circuit-based model that captures the device behavior at
the fundamental and harmonic frequencies. The conversion
from X-parameters to linearized impedance, admittance, and
ABCD parameters is essential for model de-embedding and
parameter extraction.

A first attempt to define conversion rules implicating
X-parameters was in [5] and [6]. Only two equations were
presented that allow determining linearized Z-parameters
and linearized Y-parameters from X-parameters. Also, it is
assumed that the phase of aj; is zero, which makes the
model treat a special case or a nontime-invariant system
in the general case. The equations presented in [5] are
limited to only one port with two harmonics or to only
two-port with fundamental. In [6], in order to analyze a
mixed-series connection topology of nonlinear and linear
component, i.e., a transistor operating in large-signal mode
with a feedback capacitor, the expression between scat-
tered and incident harmonic traveling voltage waves through
X-parameters is transformed to a relation between harmonic
voltage and current. Nonlinear Z-parameters are not explicitly
presented.

0018-9480 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Incident and scattered waves of a nonlinear two-port device.

In this paper, all conversion rules between the different
linearized two-port network parameters such as X-, Z-, Y-,
ABCD-, T-, G-, and H-parameters are presented and, then,
validated in both linear and nonlinear operating modes. Some
of these rules were used to develop an accurate large-
signal equivalent circuit based model that is extracted from
X-parameter measurements [7]. Another application example
of linearized network parameters and their conversion rules is
the development of a link between X-parameters and charge-
controlled quasi-static model [8].

We believe that these conversion rules will be useful for
other applications in the area of nonlinear circuit modeling,
design, analysis, and measurements.This paper is organized
as follows. Section II outlines the concept of X-parameter
and defines the expressions of linearized two-port network
parameters. Section III presents all conversion rules between
the new linearized two-port network parameters. In Section IV,
the conversion rules are validated in linear and nonlinear
operation modes.

II. LINEARIZED TWO-PORT NETWORK PARAMETERS

X-parameters are the result of the linearization of the
multivariate complex functions that correlate all of the relevant
input spectral components with the output spectral components
for a two-port device [1], [2]

bix = Xf(lauDP + > X3 (lan)) P aj
(j.D#(1,1)

+ > XL i(anhP a1
(j.D#(1,1)

where bpm and agj (a*g; is the conjugate) are, respectively,
the scattered and incident traveling voltage waves. Indices p
and g range from one to the number of signal ports. Indices m
and j range from one to the highest harmonic index. Term
P =exp(jp(air)) is the unity length phasor having the same
phase as ajj. Xlk’ XlSk i and Xl.Tk’jl are the X-parameters
and depend on the amphtude of the incident wave. The
graphical representation in Fig. 1 illustrates the basic concept
of X-parameters. Multiple frequencies are present in the input
and output spectrum. In each frequency, there are incident
and scattered waves. And X-parameters define a linearized
spectral map relating incident to scattered traveling voltage
waves. In X-parameters, term X}Z(|a11|) is complex. Thus,

it can be rewritten as Xﬁc(|a11|)Pk zkll (a1 )P ay =
Sik.11(Jar1])ar1, since the input drive aj; is always different
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than 0. It is mathematically correct, and this relation is well
verified while measuring with the NVNA and simulating
with ADS a nonlinear component. Parameters Spq; (|a11|)
and Tpmgj(lai1]) can be set equal to Xpmqj (laj))P™~ J and
Xpmqj(|a11 |)P’"+f, respectively. Terms 7,11 are equals to 0.
For a two-port device and only » harmonics are considered,
(1) can be rewritten as

bpm = Z Spmgj (la11l) Pmijaqj

1..n
1,2
2
j=l.n
q=1,2
(g, 1)75(1 D
In addition to X-parameters, a nonlinear component can
be described by linearized Z-, Y-, T-, ABCD-, H- and
G-parameters. Y-parameters relate harmonic voltage compo-
nents to harmonic current components at both ports.

Linearized Y-parameters include two-term categories,
Yp"m aj and Yfm 0 which are associated with harmonic compo-
nent voltage v,; and its conjugate vj; i respectively. Linearized
T-parameters include two-term categories T[‘,’m aj and Tlﬁn aj
associated, respectively, to a harmonic component and its
conjugate of a waves and b waves present at output port.
Like in linear case, linearized ABCD matrix includes four
parameter categories: A, B, C, and D terms. A terms relate
input harmonic voltages to output harmonic voltages. B terms
relate input harmonic voltages to output harmonic currents.
C terms relate input harmonic currents to output harmonic
voltages. D terms relate input harmonic currents to output
harmonic currents. Each ABCD-parameters include two-term
categories associated, respectively, with a harmonic component
and its conjugate of voltage and current present at second port.
G-parameters use the input harmonic current components at
port 1 and the output harmonic voltage components at port 2 as
independent variables. Linearized H-parameters include two-
term categories H I‘;‘m aj and H 5m aj associated with a harmonic
component and its conjugate of voltage and current. Linearized
G-parameters use the input harmonic voltage components
and the output harmonic current components as independent
variables.

The formulation of the nonlinear model based on linearized
Z-, Y-, T-, ABCD-, G- and H-parameters are presented in the
following equations. Analogous to X-parameters, linearized
network parameters can be derived by using Taylor series.
They are the result of the series expansion based on the partial
derivatives. The resulting dependent parameters is composed
of signal operating point (LSOP) term, plus contributions
due to the small-signal stimulus on each individual frequency
component [1], [2]. It is assumed that there is only one large-
signal plus small remaining spectral components. For example,
in linearized Y-parameters, Y |, Tefers to the large-signal
part of ipm which is a nonhnear function of |aji|, to be

consistent with X-parameters measurements. Y% om, ji and Y,

j=
q=

Tymgj (anl) P"ak;. ()

v’

pm, j!
with (j,l) # (1,1) are the coefficients associated with the
contribution of linear components to ipm and of the conjugate
of the linear components v;;. The conjugate term models
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the self-mixing behavior of nonlinear systems: when incident
signals at different frequencies are injected simultaneously to
a nonlinear system, they will generate signals that are the sum
and difference of their frequencies. The complex conjugate
term allows modeling the difference.

In this paper, it is assumed that the independent variables
are considered as the sum of one large RF signal with small
spectral components. X-parameters model include only one
large input tone in the LSOP. Therefore, the characterized
nonlinear device should be input matched for the fundamental
frequency. For a DUT, the reflections at the fundamental and
the harmonics at the output and the reflections at the harmonic
at its input are considered as small perturbations. The validity
of this assumption depends on whether the contribution of
these perturbations is small enough such that the considered
variable can be assumed linear. If the DUT is mismatched,
load-dependent X-parameters are used. Load-dependent
X-parameters are just a set of X-parameters measured at
different load conditions [9]. Each term in X-parameters
and in linearized network parameters depends nonlinearly on
the dc bias power, fundamental frequency, input RF power,
and source and load fundamental and harmonic terminations.
In summary, since the proposed linearized network parameters
are extracted using X-parameters, they automatically inherent
the limitation of X-parameters and bear the same LSOP as that
of X-parameters. For simplification purposes, dependence on
only ap; is considered in the following equations:

Dpm = Z Z8 i (@i DP" iy

j=1..
q= 1,
+ 2 Zpg P 3)
j=l.n
g=1,2
(g, J)#(l D
lpm— z pmgqj |a11|)P"’—Jqu
j=l.n
q=1,2
+ 2 pmqj(|a11|)Pm+] i )
j=l.n
g=1,2
(g, J)#(l 9]
bin= > Ti;(an) P"azj+ 1m1j(|an|)P"”’a21
j=l.n
+ D Tl (an )P baj+ 1,n2](|a11|)Pm+szj
j=l.n
)
dim = Z Tgnlj(lalll)Pm_]sz+T2ﬂm1j(|all|)Pm+jb§j
j=l.n
+ 2 T2am2j(|all|)Pm7j612j+Tzﬁm2j(|all|)Pm+ja;j
j=l.n
(6)
vim= > Aty (lan I)Pm_j”2j+Afm2j(|a11 P03,
j=l.n
+ 2 Bi’mz,-(lanI)Pm*fizj+Bﬁn2j(|a“|)pm+j,-;j
j=l.n
)
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in= Y, Clya(lani) P" 02 +Cll,o (lani) P o3,
j=l.n
+ Z Diyaj(arth P~ Tiy; +D1m2,(|a11|)P'"+jlzj
j=l.n
(3)
vim= > Hiy (anDP" i+ > HE, | (an) P,

j=l.n j=2..n

+ Z Hf,p (lan))P" vy +Hfm2j(|011|)PMj0§j
j=l.n

©)

i = Hyy (aniDP" i+ > Hp (lan) P
j=l.n j=2..n
+ > HEp i (lan ) P" vy + HY, o (la]) P"™ o3,
j=l.n
(10)

im=>_ Gl (an)P" o+ > Glﬁmlj(lanl)PmHUTj

j=l.n j=2..n

+ Z G(fmzj(lall|)Pm_ji2j+G1ﬁm2j(|an|)PMji§j
j=l.n

(11)
bam = ng’"lj(la“')Pmﬁvlj-i‘ z Ggmlj(|a11|)Pm+jUTj

j=l.n j=2..n

+ > G (ant )P igj+ Gl (an ) P i3
j=l.n
(12)

The P terms are added to take into account the time-
invariance characteristic. A time-invariant system exhibits that
if the excitation is time shifted by 7, the response should be
time shifted with the same value 7. As shown in the following
equation, if a delay 7 is applied at the fundamental frequency
current, the voltage or current at nw; will be shifted by nt
(13)

Iinejnwl(t—r) — Iinejnwlte_]nw”.

For example, in linearized Z-parameter case, applying a
delay P = ¢7/“7 leads to

Upmpi z meq] (|a11|) Pijiqj
j=l.n
=1,2
I + > Zh(an) Pl (14)
j=l.n
q=1,2
(q,j)#(l,l)

which is equivalent to (3). In measurement, P is set as the
phasor of ajg.

Linearized two-port network parameters are not only
derived from X-parameters formalism, but also they can be
derived by using the first-order approximation of the Taylor
series of the input—output nonlinear functional relationship.
For example, the voltage—current functional relationship that
can characterize the nonlinear steady-state behavior of a
DUT can be formulated as

. ) 2 _

ipm = Kpm(|a11|,l)12P ,DT2P+ yeo s 01n P n,l)TnPJrn

I % p+l —n % p+n\ p+m

Jon P00 P 05, P )P .
(15)

vy P~
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The function Kp, is linearized around |a;1]| to be consistent
with X-parameter measurement. This yields to the series
expansion in

‘1_:2
. F +m < aKpm m—j
ipm = Ky, (laiih) P Z W(WIIDP Vgj
=1 47
iml
(q.7)
#(1,1)
q_:2
j=n
0Kpm
— PHp* 16
+ > a(D;jpj)(l anthP" oz (16)

Il
-

2
L1

j‘h@\.&

Substituting  Kpm(lan1|)P*™ by Yam11(|a11|)P'"_1011
0Kpm/0(igj P~/ )(lati ) P"Vvgj by Y i(lani[) P T4
and for (g,j) different to (1,1) 6Kpm/6(l Pf)(|a11|)P’"+Jz)

qj
by Y/, (lani ) P"iv%,. (20) is equlvalent to (4). The inde-
pendent and dependent variables related by the linearized
parameters can be defined in the following vector form: [K] =
[[K1l, [K2]]" where the subvectors are defined as: [Kiz12] =
kit K}y . kin k17, The relation between B-wave and
A-wave vectors through X- and linearized T -matrices are
in (17) and (18), respectively. And, the relation between
voltage and current vectors through linearized Z-, Y-, ABCD-,
G-, and H-matrices are in (19), (20), (21), (22), and (23),
respectively. The dependent and independent vectors have the
same length, which allows getting a square matrix. The only
issue that can happen is the inversion of the matrices and
submatrices to calculate the linearized network parameters.
Thanks to its type, the matrices of linearized parameters will
not lose their full rank. And its inversion will be accurate and
quickly calculated. For the rest of this paper, in X-parameters
and linearized network matrices, the dependence on the LSOP
is omitted to reduce the size of equations

[B] = [X][A] (17)
[B1] | _ .| [A2]
I:[Al]:| = [Tnonhn] I:[Bz]i| (18)
[V] = [Znontin] [1] (19)
[I_] = [Ynonlin] [V] (20)
[[Vl]] = [ABCDnonlin]
[[Va1] _ [1A] [BI][[V2]
b1 | = [[C] [DJ |:[12]i| @D
[ (1] ] | V1]
[Vz] [Gnonhn] [ [12] :| (22)
[ [Vi]] | ]
[ ] [Hnonhn] |:[V2]:| . (23)
where the X matrix can be represented by
| X1l [Xi2]
[X]= [[le] [Xzz]} @4

and (25), shown at the bottom of the next page.
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The linearized Z-, Y-, ABCD-, G-, or H-parameters can be
represented by the general matrix [Rponlin]. If N harmonics
are considered and for a two-port circuit, matrix [R] has the
size of 4N x 4N

(26)

[Rnonlin] = |:[R”] [R12]:|

[R21] [R22]

and (27), shown at the bottom of the next page.

Actually, terms Sp;q; and Tppg; do not depend only
on l|aji|, but they are complex functions of the frequency,
the magnitude of the excitation at the fundamental |ay1|, and
terminations at source I's and load I'y;. The load-dependent
X-parameters were introduced to circumvent the limited accu-
racy of the poly-harmonic distortion model. And it consists of
a set of X-parameters measured at different source and load
terminations. At this time, there is no measurement capability
to gather directly the linearized network parameters values.
The NVNA can be used together with a source and load tuner
to measure load-dependent X-parameters across the Smith
Chart. The linearized network parameters are extracted from
X-parameter measurement under the same conditions: same
input power, same dc voltages, same fundamental frequency,
and same source and load terminations. Using the conversion
rules listed below, linearized network parameters data can be
extracted and will be ready for use. To reduce data size, source
and load grid can be optimized. The grid can be defined by
the error between measured- and predicted-dependent variable
waveforms and by the used interpolation and extrapolation
algorithms.

III. CONVERSION BETWEEN LINEARIZED
TwO-PORT NETWORK PARAMETERS

In this section, a transparent matricial transformation
between linearized parameters will be presented. In this paper,
it is assumed that the noise level is very low in a way
that can be neglected and does not affect the conversion
rules. Generally, low-noise setup and configuration is used to
measure X-parameters.

A. Conversion From X- to Linearized Z-, Y-, ABCD-,
G-, H-, and T-Parameters

The relation between A waves and B waves through
X-parameters are represented by (17). The A-wave and

B-wave vectors are defined as: [B] = [[Bil,[B2]]7 and
[A] = [[Ai],[A2])7 and [B;] = [bi1 b} . bin b5 1T
and [A;] =[a;1 af . din ai’;]T.

The basic quantities used for X-parameters are traveling
voltage waves [10]. The waves are defined as linear com-
binations of the signal port voltage v and the signal port
current i [9]. The incident waves are called the a waves
and the scattered waves are called the b waves. They are
defined in (28) and (29), as in [11]. Each spectral component
has an associated harmonic index, which denotes the ratio
between the associated frequency and the fundamental tone.
The harmonic index is indicated by the last subscript k. The
first subscript i indicates the respective DUT signal port.
Port 1 typically corresponds to the input and port 2 to the
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output of the DUT. The incident waves a;; and scattered waves
bir are defined as functions of the spectral components of
voltage v;, current i;;, and the reference impedance Z. that
is assumed to be a real constant in this paper

ik + Zelik
2

Vik — Zelik
2

Harmonic voltages and currents can be expressed, respec-

tively, in the following equations as a function of spectral
components of incident and scattered waves

aik = (28)

bix = (29)

(30)
€1V

ik = dik + bik
= Gk bik.
Zc
Substituting a; and b;y by their expression in (28) and (29),
linearized  Z-parameters, Y-parameters, G-parameters,
H-parameters, and ABCD-parameters can be derived in terms
of X-parameters. Equation (17) is equivalent to

(V1= Zc 1) = [XKIV]+ ZJIT} (32)

where [V] = [[Vi],[V2]]" and [I] = [[L],[]2]]" are,
respectively, the voltage and current vectors. The subvector
[Vi] = [vi1 0} - Din vi’;]T is expressed in terms of n
harmonic voltage components. The current subvector is [/;] =
Liin i - ijn i ]7. Equation (32) is equivalent to

[V]= Zell[1a] — [X117 " [[1a] + [XT][]] (33)

where [I;] is the identity matrix. Therefore, the linearized
impedance matrix can be defined to describe the rela-
tionship between harmonic voltages and harmonic current
components

[Znontin] = Z [[1d] — X117 [[1d] + [X1]. (34)

From (33), the expression of current vector in terms of volt-
age vector and X-parameters can be derived and its expression
is

4749

Thus, the linearized admittance matrix can be defined
in (36) to describe the relationship between harmonic currents
and harmonic voltages in

1 _
aontin] = — {[1d] + X1} {1d] = [X]}.  (36)
C
To determine linearized [A] and [C] submatrices in terms

of X-parameters, vector [/>] should be assumed to be a null
vector [0]. In this case, (17) is equivalent to

Vil = Zc[ 1] [X11] [Xi2] || il + Zc[ 1]
[V2] [X21] [X22] [V2] ’

(37)

The manipulation of (37) leads to the expression of [A] and
[C] submatrices in

[A] = [Ig+ [y — X1) g + X001}
ALy — Xl + X111 X211 s — X22)

+ [y — X1l ' (X120} (38)
1
[C]= Z—[Xzz]_l[ld — X2l
1
— Z—[Id + Uy — X1 g+ X0t
(g — X11) g + X111 X211 1y — X221
+ [l — X1l [ X121 (39)

Similarly, to determine linearized [B] and [D] submatrices in
terms of X-parameters, [V>] is assumed to be equal to [0].
In this case, (17) is equivalent to

Vil = Zc[h] | _ | Xl X2 || Vil + Zc[h]
—Z.[I] [X21] [X22] Z.[I] ’
(40)

The manipulation of (40) leads to the expression of [B] and
[D] in

Z. _

[B] = =-((X12] = [La + Xn][X21] i+ Xnl) @D
1

[D] = 5([[X11]—[Id]][X21]71[[Id]+[X22]]—[X12])~ (42)

1 1 35 To derive the expression of linearized G-parameters in terms
1= Z_c (Hal + [XTF {Ha] = IXH V] (35) of linearized X-parameters, the expression of voltage waves
[ S P! Ti1j1 P! Si1jnP17" Tiijn P ]
T* P—(1+1) S* P—(l—l) T* P—(l"rn) S* P_(l_n)
i1j1 i1j1 iljn iljn
[Xi)i=12 = : : : : (25)
= Sinj1Pn71 Tinjlpn+1 SinjnPnin TinjnPn+n
T7* p—@+l)  ¢x p—(n-1) T7* p—(t+n)  ¢x p—(n—n)
inj1 injl injn injn _
B 1-1 B 141 1- B 1 ]
?fljlp Rijji P - ?z('xljnp " Riyjn P o
* p—(141 * p—(1-1 *op—(1 * p—(1—
Riiji P (a+n Rz('lleP a=n Ri1jnP () Rt('lljnP =
[Ril; 1,0 = : : : : @7
— —1 B 1 - f
J = 1,2 ?gnjlpn Rinjlpn+ ??njnpn 8 RinjnPn+n
i —(n+1 * p—(n—1 * o (n—
L Rinjl P (n+D) R;anlP =1 RinjnP (n-tm) Rt('lnjnP (=) _
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in terms of harmonic voltages (28), (29) is used. Then, the
expressions of [G11], [G12], [G21] and [G2>] are, respectively,
in the following equations:

—1
[Guil = —[[al + [X1] + [Xn2]lla] - (X211 [ X0 117!

c

X111 — gl + [X 1200 a] — [X22117 ' [X211]

(43)
[Ga1] = 2[[X12] + [[X11] + (a1 X211 " [ a] — [X22111 7"

(44)
[G12] = 2[[[X22] — aN[X 121 X 11] + [141] — [X2111 7!

(45)

(G2l = Z[[X21] — [[X22] + a1 X121 [[X 111 + [La11]
[IX22] = HaNIX 1217 X 1] + Ha]] = (X217
(46)
In (37), assuming [V2] = O allows calculating [Hj;] and
[H>1] and assuming [/;] = O allows calculating [Hj>2] and

[H22]. Then, the expressions of [H11], [H21], [H12], and [H22]
are, respectively, in the following equations:

[Hi1] = ZellIa] — [X11+[X 121 a+ X221 [ X211 7!
AU+ X111 = [X120Ua+ X221 X111
[Hat] = —[1s+X2]"'[Xa1]
AU+ ] = [ X1+ X120+ X221 [ X217

(47)

A2+ 1X 1] = [X 120l g+X22) " [X2111) (48)
[Hi2] = [[1g] — [X 111+ [X 120 1a+ X221 [ X2111 7!
[X12] — (X121 La+ X221 [X22 — I4]] (49)
1
[Ho] = —[[a]+[ X2l + (X211 a = X117 [X2017!
A[a] = [X22] = [X211llg — X117 [ X121, (50)

The expressions of [771] and [7>1] in terms of X-parameters
are determined in (51) and (52) by assuming that [B;] = [0].
The expressions of [T12] and [T»>;] in terms of X-parameters
are determined in (53) and (54) by assuming that [A>] = [0]

[T11] = [X12] — [X11][X21]" ' [X22] (S
[To1] = —[X21] ' [X22] (52)
[Ti2] = [X11][ X211 (53)
[T] = [X21]7". (54)

Conversion rules are independent of the definition of the
a and b waves. Whether traveling voltage waves or power
waves or pseudowaves are used, the expressions of the nonlin-
ear parameters are the same. By substituting A- and B-power
waves by their expression in terms of voltages and cur-
rent in (55) and (56) [12], and by simplifying by 1/2\/70,
X-parameter equation is equivalent to (57)

aj = % (55)
vj1 — Zeij
by = L It 56
Jjl 2\/70 ( )
[V]—=ZJI] = [XKIV]+ Z[1]}. (57)
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Equation (57) is equivalent to

I—l
[]_Z_c

Therefore, the nonlinear admittance matrix can be defined
to describe the relationship between harmonic currents and
harmonic voltage components

[[Za]+ [XN~" [[1a] — [XT1 V], (58)

1
[Ynontin] = A [[Za]+ XN~ [[1a] — [XTIIV]. (59)

c
If pseudowave definition is used [12], term (Re(Zref))l/z/
(2] Zyet|) is simplified, and the same expression of linearized
two-port network parameters is obtained.

B. Conversion From Linearized Z- to X-, linearized T-, H-,
G-, ABCD-, and Y-Parameters

Linearized Z-parameters use voltages and currents, whereas
X- and linearized T-parameters use traveling waves. To derive
the expression of X- and linearized T-parameters in terms of
linearized Z-parameters, (30) and (31) are used. Equation (19)
is equivalent to

1
[A]l+[B] = A [Znontin] {[A] — [B]}.

The expression of the B vector in terms of the A vector will
lead to the expression of X-parameters in terms of linearized
Z-parameters

(60)

1 -1
[X] = [[Id] + Z_c [Znonlin]:| [Z_c [Zontin] — [Id]:| . (61)

The expressions of linearized 7 -submatrices [711], [T21],
[T12], and [T>2] in terms of linearized Z-parameters are,
respectively, derived in (72)—(75). [T11] and [T>1] are obtained
by assuming [Bz] = [0]. [T12] and [T»2] are obtained by
assuming [A>] = [0]

VA 1 VA
[T11]= [221? +3 ([ ZIC” —[Id]) (Ze[Za) " = 12211 " [Z22))
(62)
Z 1 Z
[Ty1]= [22] +5 ([ Zlc” +[1d]) (ZelZa11 ' =121 [ Z22))
(63)
1 7 VA
[Ti2) = 5 (Zn1] = ZellaD[Z21]" ([ sz] +[1d]) - [Zzli]
(64)
1 Z Z
[Ti2l = 5 (1Zn1] = Zel D[ Z21 )™ ([ chz] +[1d]) - [221?.
(65)

The expressions of linearized H-, G-, ABCD-, and Y-
parameters in terms of linearized Z-parameters are derived and
presented, respectively, in the following equations:

[Hil = [Z11] — [Z12)[Z2]" ' [ Z21] (66)
[Hai]l = —[Z2]7'[Z21] (67)
[Hi2) = [Z121[Z22] 7! (68)
[Hxl = [Z2] ™! (69)
[Gul = [Zn]™! (70)
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(G2l = [Zn][Z1] ™! (71)
(G2l = —[Z11"'[Z12] (72)
(G2l = [Z2n] — [Z2111Z11]7 [ Z12] (73)
[A] = [Z111[Za]™! (74)
[C]=[Zx]! (75)
[B] = [Z12] — [Z111[Z21]" ' [Z22] (76)
[D] = —[Z21] [ Z2] (77)
[Yaontin] = [Znontin] ™" - (78)

For the remaining conversion rules, to derive wave-based
linearized network parameters ([X] or [T]) [A1], [Az],
[B1] or [B>] have to be set to [0]. And, to derive voltage-
/current-based linearized network parameters, [Vi], [V2], [11],
or [I>] have to be set to [0].

C. Conversion From Linearized Y- to X-, Linearized T-, H-,
G-, ABCD- and Z-Parameters

The expressions of X-, linearized T7-, H-, G-, ABCD- and
Z-parameters in terms of linearized Y-parameters are formu-
lated in the following expressions:

[ ] [[Id] - Zc[Ynonlin]][Zc[Ynonlin] + [Id]]_l (79)
1 -1 [14]
[T11] = 3 ([1a] — Z:[Y11]) [Ya1] 7 [Y22]
1
— EZC[YIQ]' (80)
1 (]
[T21] = 3 (Zc[Y11] + [a]) [Y21] 7 [Y22]
1
+ 5 ZelYn2] (81)
1
[T12] = 5} (Ze[Y11] = [14]) [Ya1] 7!
1
x ([Z”’] + [Yzzl) - Zc[Y12]] (82)
1
[T] = 2} [Y12] — (Ze[Y11] + [1a]) [Y21] 7!
[14]
x ( z * [Yzzl)] (83)
[Hil = [Y1]™" (84)
[Hy] = [Ya11[Y11]7! (85)
[Hi2] = —[Y11]7'[Y12] (86)
[Hyl = [Ya2] — [Ya11[Y11] 7 [Y12] (87)
[G11] = [Y11] — [Y12][Y22] ' [Ya1] (88)
[G21] = —[Y22] ! [Y21] (89)
[G12] = [Y12][Y22] ™! (90)
(Gl = [Yao]™! 1)
[A] = —[Y21] ' [Y22] (92)
[C] = [Y12] — [Y111[Y21] "' [¥22] (93)
[B] = [Yay]™! (94)
[D] = [Yi1[Y2]™! (95)
[Znonlm] = [ non]m]i (96)
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D. Conversion From Linearized ABCD- to X-,
Linearized T-, Z-, Y-, H-, and G-Parameters

The expressions of X, linearized T-, Z-, Y-, H-, and
G-parameters in terms of linearized ABCD-parameters are
derived in the following equations:

(X1] = [[A]—@} [[A]—@ﬂ [C]—[D]}_l—[ld]
ZC ZC
(97)
[B] -
[X21] = [[A] — — + Z[C] - [D]} (98)
[X12] = [[A] + @} [[A] - u} [X22] (99)
Ze Ze
[B] !
[X2] = — [[A] - +ZdCl- [D]}
[B]
[Al+ 7=+ ZICT+ [D]} (100)
[T11] = % ([A1+1/Z[B] - Z:[C] - [D]) (101)
[T21] = % ([A1+ 1/Z[B1+ Zc[C1+ [D]) (102)
[T12] = % (IA1=1/Z[B] - Z:[C]+ [D]) (103)
[T] = % ([A1 = 1/Z[B1+ Z:[C] - [D]) (104)
[Z11] = [Al[C]! (105)
[Za1] = [C]! (106)
[Z12] = [B] — [A]IC]'[D] (107)
[Z2] = —[C17'[D] (108)
[Yu] = [DI[B]™" (109)
[Y21] = [B]™" (110)
[Y12] = [C]— [DI[B] '[A] (111)
[Y2o] = —[B]~ 1[A] (112)
[Hy\1] = [BI[D]! (113)
[Ha] = [D]! (114)
[Hi2] = [A] - [BIID]™'[C] (115)
[Hy) = —[D]7'[C] (116)
[Gul = [ClIA]™! (117)
(G2l = [A]! (118)
[G12] = [D] - [CI[A]"'[B] (119)
[G2] = —[A]'[BI. (120)

E. Conversion From Linearized T- to X-, Linearized
ABCD-, Z- Y-, H-, and G-Parameters

The expressions of X, linearized ABCD-, Z-, Y-, H-, and
G-parameters in terms of linearized T-parameters are derived
in the following equations:

[X11] = [T12][T22] ! (121)
[X12] = [T11] — [T12)[T22] ' [T21] (122)
[X21] = [To2] ™! (123)
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[X22] = —[T2] '[T21]

1
[A] = 5([7"1 11+ [Ti2] + [T21] + [T22])

[C] = 77 + [T22] — [T11] — [T12])

Z.
[B] = 7([T11] — [T12] + [T21] = [T22])

[D] = %([Tﬂ] — [T2] = [Tl + [T12])
[Z11] = Zc(Ua] 4 2[[T11] + [T12]]
A[T21] + [T2] = [T1a] = [Ti217)
[Z21] = 2Zc[[To1] + [T22] — [T11] — [T12]] ™
[Z12] = Z:A[To1] = [T22]] + Ze[[T21] + [T22]]
AT + [Ti2] = [To1] = [T2]1 7!

[[T21] = [T22] — [T11] + [T12]]
[Z2] = Zc[[T1] + [T12] — [T21] — [T
[[T21] = [T22] — [T11] + [T12]]
[Y11] = Zlc[[Tzl] — [T22] = [T11] + [T12]]
[T1] = [Tia] + [To1] — [To2]] 7!
[Y2] = —Zic[[Tn] — [Ti2] + [T21] = [To21]
T11] + [T12] + [T21] + [T22]]
(Y] = Z%[[Tn] — [T12] + [T21] = [T22]1™"
[Yi2] = Zlc ([T21] + [T22]. = [[T21] — [T22]]
ATl = (T2l + [Tor] — [To2]] ™!
Tl + [(T12] + [T21] + [T221])
[(Hi1] = ZA[T11] + [T21] — [T12] — [T22]]
A[To1] = [To2] = [Tua] + [Ti2]1 !
[Hai] = 2[[T21] — [T22] — [T11] + [T12]] "

[Hi2] = [Tul + [Ti2] + [[T11] — [Th2]]
7] = [Ti2] = [Ta1] + [T
[T21] + [T22] — [T11] — [Th2]]
[H2] = Zl [[T11] = [Ti2] = [Tar] + [T22]] ™!
[T21] + [T22] — [T11] — [Th2]]
[Gul = ZL[[TM] + [T22] = [T11] — [Th2]]

AUT1) + [Ti2] + [To1] + [To2]] 7!
[Ga1] = 2[[T11] + [T12] + [T21] + [T22]] ™"
[G2] = —ZcA[T1]+ [T12] + [Ta1] + [To2]]7!

[[T11] + [T21] = [T12] — [T22]]
[T21] — [T22] — [[T21] + [T22]]
AT11] 4 [Ti2] + [To1] + [To2]17!

[[T11] + [T21] = [T12] — [T22]].

[G12] =

(124)

(125)

(126)

(127)

(128)

(129)
(130)

(131)

(132)

(133)

(134)
(135)

(136)

(137)
(138)

(139)

(140)

(141)
(142)

(143)

(144)

FE. Conversion From Linearized G- to X-, Linearized
T-, Z-, Y- ABCD-, and H-Parameters

The expressions of X-,

linearized T-, Z-, Y-, ABCD-, and

H-parameters in terms of linearized G-parameters are derived
in the following expressions:

[X11]= [[Gl 1+

[X21]= [[Id]+

[X12]= [[G11]+

[X2n]= [[Id]+

1
'|:[ d]_[G11]+

1
x {[ld1+. [[GHH [Z"

[la]l [Gi2]
2 Z [[Id]+

[G12]
Z. Z [[Id]

~1
[G2n] ]!
Zc] [Gzl]:|

(G2l ]!
+ Z. ] [Gzll]

(145)

(G2l
zc} [Ga1]

—1
G —1
x [[1d1+[ 22]} [Gzl]]

Z.
[14] (G12] (G2l

.|:Zc —[G1l+ Z [[Id]+ 2 } [Gzl]ﬂ

(146)

-1
[ls] [Gual (G2l
Z. Z. [[Id]+ 2 ] [G21]j|

(G12] (G217 ' [[G22]
: Z. |:|:[Id]+ 2 } [Z—C—[Id]]—[ld]}

[Ga] ]!
Z.

1 G
x {[Gzll [[GHH[Z"C] [Z”]
[G22
Jua 2] 6 }
[G12] L [G] !
10 [+ 2] 12 -]

(148)
1 —1 [G22]
> (L] = Z AL Gull Gl |Hal— Z. —[G12]
(149)
1 G
= 2 {[Ual+ Z[Gull [Ga] ™ [[Id]— [ Z”]}HGUJ]
(150)
_1 [G22]
[[1a] = Z G111 [G21] |:[Id]+ Z }—F[Glz]]
(151)
—1 [G22]
2 [[La]1+Z G111 [Gar] |[La]+ Z —[Gi12]

(152)
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[(Zi] = [Gii]™! (153)
[Z21] = [G (G111 (154)
[Z12] = =[Gl ' [G1a] (155)
[Z22] = [G22] — [G1[G11] ' [G1a] (156)
[Y11] = [G11] — [G121[G22] ' [Gai] (157)
[Y21] = —[G2]"'[Ga1] (158)
[Y12] = [G12][Gao] ™! (159)
[Y22] = [G2o] ™! (160)
[A] = [Ga1]™! (161)
[C] = [GullGa]™! (162)
[B] = —[G2117'[G2] (163)
[D] = [G12] — [G111[G21] ' [G22] (164)
[Hnonlin]
= [Gnonlin] " (165)

G. Conversion From Linearized H- to X-, Linearized Z-,
Y- ABCD-, T-, and G-Parameters

The expressions of X-, linearized Z-, Y-, ABCD-, T-, and
G-parameters in terms of linearized H-parameters are derived
in the following equations:

H 1 -1y -
[X11]= |:[Id]+[ZH]—[H12] [[ d]+[H22]] [ZZI]i|

C ZC C
[Hi1] [14] ! [Ha)
|: 2 —[Id]—[le][ZC +[H22]} 2 ]
(166)
2 H 1
X1zl =— [[ Zil] —[[Zi] +[sz]} (Hyol ™!
—1
< [MH?”H (167)

I H
[X21]= [[Z—di|+[H22]} [221]

c

-1
[Hi1] [14] ! [Ha]
[[Id]+ 2 —[le][zc +[H22]i| Z ]

[Hy1] [14] ~! [Ha)
: |: Z —[Id]—[le][Z +[H22]} 7 }

c c c

— [l (168)

c c

H 1
. [ﬂ—[[ al +[sz]} [Hial ™!

2 H
[X22]= ——[H] ™! [[ldH[ ”]}

Z¢ Z.
H —1
: [[IdH[Z”]H ] (169)
[Z11]=[H11]—[H12][H22] ' [Ha1] (170)
[Z21]1 = —{H2] '[Ha1] (171)
[Z12] = [H12][Ha2] ™! (172)
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[Z2o]=[H»n] ™! (173)
Yul=[Hul™' (174)
[Ya1]=[H[Hii]™" (175)
[Yi2l=~{Hi1] ' [Hi2] (176)
[Y22] = [Hxl—[Hal[Hi1] "' [Hi2] (177)
[A]l=[Hi2]—[Hii1[H21 1" [Hao] (178)
[Bl=[Hyil[Hx]™" (179)
[Cl=—{Hx] '[H2] (180)
[D]=[H]™" (181)
1 [Hi1] 1
[Ti1]= 3 |:[H12]+Zc |: ) _[Id]i| [H21]
x [[Z]—[sz]ﬂ (182)
L [[Hi1] i - ]
[T21]—§ [Hi2]+ 2 —[Lq] | [H2117 " [[La]l—=Zc[H22]]
i i i (183)
[ [[Hi1] i 1 i
[T12]=§ [Hi2]— Z. =[] | [Ho ] [ L]+ Zc[H22]]
i i (184)
[ -[Hll] 1 —1 1
[T22]=§ [Hi2]— 2 + gl | [H21 ] [[a]l+Z:[H22]]
i i i (185)
[Gnonlin]
= [Hyonlin] " - (186)

IV. LINEAR AND LINEARIZED OPERATION MODE
VALIDATION OF CONVERSION RULES BETWEEN
THE LINEARIZED TWO-PORT
NETWORK PARAMETERS

In order to not burden this paper with the validation of
all conversion rules between the linearized network para-
meters, we will limit this section to the wvalidation of
the equations giving linearized Z-parameters. The validation
procedure of the remaining conversion rules between X-
parameters, linearized Y-parameters, linearized Z-parameters,
linearized ABCD-parameters, linearized T-parameters, lin-
earized G-parameters, and linearized H-parameters is done
with the same manner and good results are obtained for all of
them.

The process of the validation is explained by the flow graph
illustrated in Fig. 2. To verify the conversion rules from the
linearized two-port network parameters to Z-parameters, Fig. 3
illustrates the amplitude and phase of Z-parameters determined
from X-, linearized Y-, linearized ABCD-, linearized T-,
linearized G-, and linearized H-parameters. The validation
procedure consists on generating X-parameters of the PA that
is represented by its ADS model based on measurement file
“ZX602522M_X2P.xnp” from Keysight Technologies Inc.

X-parameter data are then transformed, by using the conver-
sion rules presented in Section III, to the remaining linearized
network parameters.

Then, the obtained linearized network parameters data are
transformed to Z-parameters. The linearized Z-parameters
data determined from linearized Y-, Z-, G-, H-, ABCD-,
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Design a nonlinear circuit

v

Run X-parameters simulation

v

Get X-parameters data:

v

e Convert X-parameters to linearized Z-parameters:

[X]

[X] = |:Znun1in7X
e Convert X-parameters to linearized Y -parameters:
[X] = YnunlinﬁX
e Convert X-parameters to linearized ABCD-parameters:
[X] = I:ABCDnnnliniX:|

e Convert X-parameters to linearized T-parameters:

[X] = |:T;mnlin7/\’:|
e Convert X-parameters to linearized G-parameters:

[X] = [_Gnonlinhi)(]
e Convert X-parameters to linearized H-parameters:

[X]=[Hyp +]

v

e Convert linearized Y-parameters to linearized Z-
parameters:
[}7710)111'}’[71\’} = |:melin7Y]
e Convert linearized ABCD-parameters to linearized Z-
parameters:
[ABCDmmliniX] = [Znonli)17ABCD:|

e Convert linearized T-parameters to linearized Z-
parameterS: [T;zonlin X:| = [Znonlin T]

e Convert linearized G-parameters to linearized Z-
arameters:
p |:Gnon1i)17X:| = |:me[in7(;]

e Convert linearized H-parameters to linearized Z-

Check if

[meh'niX:I = I:Znunlin7Y:| = [meliniABCD:I =
]

[Znonlinj} = [ZnonliniG:I = [ZnonliniH

Fig. 2. Validation process of conversion rules between linearized two-port
network parameters.

and T-parameters are then compared. For a 2-port circuit
and considering the first three harmonics, 72 linearized
impedance terms could be obtained. In order to keep the
figures legible, only six arbitrary terms are presented: 25322,
Zgzzz’ Z{510 Z§1930 Zglzl, and Z{,,,. Fig. 3 illustrates
a very good agreement between Z-parameters calculated
from X-parameters and the remaining linearized two-port
network parameters. In the advanced design system (ADS),
a frequency-domain defined (FDD) component enables the
spectral values of current and voltage to be expressed in
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© { from G-Parameters
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Pin[dBm]
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Fig. 3. (a) Amplitude and (b) phase of a set of Z-parameters converted from
X-, linearized Y-, ABCD-, T-, H-, and G-parameters.

terms of other harmonic components of voltages and cur-
rents through algebraic relationships. FDD components can
describe input and output voltage components or current
components; therefore, the relation between the input or out-
put spectral component voltages and currents is required.
FDD components can describe input and output voltage com-
ponents or current components; therefore, nonlinear network
parameters can be implemented in ADS. A data access com-
ponent is used to get access to the values of the nonlinear
impedances that are extracted from X-parameter measurements
file of an unpackaged CMOS transistor in a cascode config-
uration. Both of nonlinear parameters and X-parameters are
extracted under the same conditions, i.e., bias, input power and
impedance terminations at the fundamental and the harmonics
in source and load sides.

Harmonic balance simulation is carried out to simulate and
deduce the transducer gain of an unpackaged cascade device
under different load terminations using both X- and linearized
Z-parameters. Both X and linearized Z-parameters lead to
the same values as shown in Fig. 4. X-parameters reduce to
S-parameters when the device is operated in linear mode.
For small |a;1] (linear operation), the expressions of nonlinear
parameters terms vanish to linear network parameters.
Besides, in linear operation mode, conversion rules between
nonlinear parameters are also reduced to their linear
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o da et i AEETTT
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-6~ Gain from Z-paranreters data (@Zloadl
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|| —=—Gain from X-paraneters data (@Zload3
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Pin[dBmj|

Fig. 4. Comparison between transducer gain obtained at different loads:
Zoad1 (fund) = 6.25 + j0.198Q, Zjgagz(fund) = 52.23 + j0.57 Q, and
Z10ad3 (fund) = 10.89 + j50.227 Q. The impedance at the second harmonic is
Z1oad (2% fund) = 6.18 Q. The impedance at the higher harmonic components
is arbitrary.

Transducer Gain [dB]

] B ]lA] 1,

1, [Bx]

S
[Vla W [ABCDnonlinA] ‘[Vza] [Vlb ][ [ABCDnonlinB] ‘[Vzb]
o, <N N R V(N
[8.] [4:] 3] [4]
Fig. 5. Cascade connection of two nonlinear networks.

counterparts [13]. Nonlinear 7T-parameters can be used to
model a cascaded configuration of nonlinear systems. The
cascaded configuration of two nonlinear components is
illustrated in Fig. 5. The relations between a and b waves
through nonlinear T-parameters of the first and second
nonlinear components are expressed as

[le;x:a,b]
[Alx;x=a,b]

Multiharmonic wave vector [By,] scattered at the output
of the first nonlinear component is equal to multiharmonic
wave vector [Ajp] incident to the second nonlinear compo-
nents. Moreover, multiharmonic wave vector [Bjp] scattered
at the input of the second nonlinear component is equal
to multiharmonic wave vector [A,,] incident to the second
nonlinear components at its output. Thus, [[Az,], [Bag 117 is
equal to [[Bip], [A1]17, and the relation between a and b

[A2x;x:a,b]

(187)
[BZX;x=a,b]

= [Tnonlinx;x:A, B]

waves of the whole system is given by
B A
[{A:ﬁ} = [ThontinAl X [ThonlinB] [%Billj} . (188)

The equivalent nonlinear T-parameters are the products of
nonlinear T-parameters of both nonlinear components

[Tnonlinqu] = [TnonlinA] X [TnonlinB] . (189)

The validity of analytical cascaded nonlinear T-parameters
was evaluated by measuring the X-parameters of a nonlinear
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Fig. 6. Comparison between the (a) logarithmic amplitude and the (b) phase
of a random set of nonlinear 7T-parameters calculated from the X-parameters
of a cascaded system and those calculated through the cascaded nonlinear 7
expressions in (189).

cascaded system of two mini-circuits PAs, ZFL11AD and
7X602522M. X-parameters simulations of xnp measurement
files in ADS simulator software could be sufficient to validate
the cascade behavior. The .xnp files are in generic MDIF
file format. They contain the multi-dimensional measured
X-parameters. X-parameters simulations are used to generate
X-parameters data of the whole cascaded system and of each
individual component under the same conditions as when
it is in the cascaded network. The comparison between the
amplitudes and phases in Fig. 6 demonstrates a good agree-
ment between the nonlinear T-parameters calculated from the
X-parameters of the cascaded system and the results of the
multiplication of nonlinear 7 matrices calculated from the
X-parameters of each component. In Fig. 6, only seven arbi-

trary terms are considered: T1ﬁ3117 Tt

a a Tﬁ
12110 “1221> F13210 21120
a
and T55,,.

V. CONCLUSION

X-parameters are superset of S-parameters useful to char-
acterize linear and nonlinear circuits operating in small- and
large-signal regimes. However, in its form, X-parameters are
not suitable for the analytic analysis of different network
configurations. Other linearized network two-port parame-
ters (linearized Z-parameters, linearized Y-parameters, lin-
earized ABCD-parameters, linearized T-parameters, linearized
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G- parameters, and linearized H-parameters are able to charac-
terize any network topology. They can describe any topology
of all linear, all nonlinear or a mixed of linear and nonlinear
components. Most of these parameters use harmonic voltage
and current as dependent and independent parameters. There-
fore, it is impractical to measure them especially at higher
frequency. The unique available measurement tool is a mixer-
based NVNA [14] introduced by Keysight Technologies. It is
a combination of NVNA with X-parameters [4]. To get the
values of the linearized network parameters, measured or sim-
ulated X-parameters data can be used jointly to the conversion
rules derived in this paper.
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APPENDIX D
I

Two-Port Parameter
Conversion

Conversion between the z, y, i, and g two-port voltage—current parameters is
simply rearrangement of two linear equations relating voltages and currents
at the two ports. Converting between these and the S parameters requires
relating the voltage waves to voltages and currents. This latter relationship
always includes the characteristic impedance, Z,, by which the § parameters
are referenced. Typically, this value is 50Q. Table D.1 shows this conversion.
The program PARCONYV is basically a code of many of the conversions in

Table D.1.

The definitions of the various two-port parameters are described below. In
each case, it is assumed that the current is flowing into the port terminal:

|:V1 RS Z12i| il:l
V| Lzn 2 lb

|:i1 ] -Y11 Yi2 ]

Vl___A B 12
i| | D] -i
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366 APPENDIX D TWO-PORT PARAMETER CONVERSION

b Su Splfa
{ 1}:[ i 12:|[ 1} (D6)
b, S Sl
For conversion to and from S parameters for circuits with more than two

ports, the following formulas may be used [1]. Each variable is understood to
be a matrix representing the S, z, or y parameters. The conversion formulas are

S=F(Z-G*)(Z+G)'F"! (D.7)
Z=FYI-S)(8G+G*F (D.8)
S=F(I-G*Y)(I+GY)'F (D.9)
Y =F'G(I+S)'(I-S)F (D.10)
where
- -
— 0 .. 0
1
0 .. 0
F = 2\& Z()z (Dll)
1
0 0
L 2 V Z()n .
and
Zy O 0
0 Zp ... 0O
G=| . (D.12)
0 0 ... Z,

The I in Egs. (D.8) through (D.10) is the square identity matrix, and the Z,
i =1... n,are the characteristic impedances associated with each of the ports.
An example of the usage of PARCONYV is shown below. In using the program,
make sure to include the decimals with the input data. Boldface values repre-
sent user inputs to the program. To exit the program use Ctrl. C.

TYPE SOURCE AND LOAD REFERENCE IMPEDANCE Z01,Z02 =
50., 50.Y --> S = YS OR S --> Y = SY

Zz --> S =2S OR S --> Z2 = SZ

ABCD --> S = AS OR S --> ABCD = SA

H-->S =HS OR S --> H = SH

H --> Z = HZ OR Z --> H =ZH

SY

INPUT S11, MAG. AND PHASE (deg)

.9, -80.
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APPENDIX D TWO-PORT PARAMETER CONVERSION 367

TABLE D.2 S-Parameter to Hybrid Parameter Conversion Chart

S h

h22

(i = Zy)(hnZo +1) = hphy Z,
(hi+ Zy ) (hnZo +1) = hiphy Z,
S, 2h,2Z,

(hi+ Zy ) (hnZo +1) = hiphy Z,
—2h»,7Z,
(hi+Zy)(hnZo +1) = hiphy Z,
(i + Zy ) (1 = Zy) + hiyhoy Z,
(/111 + Zo)(hzzzu + 1) —hphy Z,

SZZ

(1 + Su)(l + Szz)— S12S21

Z hiy
(I1=S11)(1+ S50 ) + 81255
281 hy,
(1 =S1)(1+ S5 ) + 812851
—25 hy
(1=S811)(1+Ss2) + S5
i (1-S1)1-S8»)— S5y hy

Zy (1=811)(1+ S50 ) + S1250

INPUT S21, MAG. AND PHASE (deg)

1.9, 112.

INPUT S12, MAG. AND PHASE (deg)
0.043, 48.

INPUT S22, MAG. AND PHASE (deg)
0.7, -70.

Y(1,1) = .162912E-02 J .156482E-01
Y(1,2) = .304363E-03 J -.759390E-03
Y(2,1) = .360540E-01 J -.262179E-02
Y(2,2) = .483468E-02 J .123116E-01

Y --=> S =YS OR S --> Y = SY

Z --> S = 2S OR S --> Z = SZ

ABCD --> S = AS OR S --> ABCD = SA
H -->S =HS OR S --> H = SH

H --> 2 = HZ OR Z --> H =ZH

Table D.2 provides a direct conversion between two-port S parameters and

two-port & parameters. This can be convenient with transistor models that are
given in terms of 4 parameters.
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