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3o PRINCIPLES OF MICROWAVE MEASUREMENTS

Stephen F. Adam

Microwave Theary and Applisarpions

Prencice-Hall, Inc. 196%

19 FLOW GRAPH REPRESENTATION OF
MICROWAVE NETWORKS

3.2.1 SCATTERING PARAMETERS

In amalyzing microwave wansmissien linc prablems, one would like to
fnd some gencralized parametars 1o wrie for 2 netwark in question—parame-
tars which can be measured with reasonable simplicity, even in microwave
frequencies, Analysis of the energy Row through @ two-port astwork is one
way to do this. .

A simple two-port network can be shown as a “black bex™ (Fig. 3.2-1}.

o— i -1
5] 7 ouT b
o—i )

Fig. 3.2-1. Simpls two-port nelwork.

We are not interested in knowing what is built into the block boz, but caly
in what i1 will do to & signal applicd to ither port, For exariple, il the black
box contains an amplifier znd we would like to know the yarlous parmicneters,
we cap messure the input impedunce while the cutput is short- and oper-
circuited and measure the output impedance while the input is short and
open-circuited. This will give us some of the cammonly _mnoin 2, ¥ an 4
peramelers. However, ihis techmique has spme shortcominps ui higher fre-
guencics. Some devices may oscillate (probably at some frequeacy different
from the messurement (Tequency) or huve some unwanted, parasitic gots if
they are terminated with 2 shorl or open circutt, .
Tha idexu] cas= would be lo exprass a sck of parametsrs when the input
and outpul ports are terminated with their own characteristic inmpedinees at
all frecuencies, The scattering () paramelers arc the szt of pantmeters 1het
are mexsured under such conditions. An added, inherent advanlage of these

25 FLOW GRAPH SEPRESENTATION. OF MICROWAVE NETWORKS S

parameters is that they desoribe the signal flow within the network. Kuro-
kuwa,! Penficld,t? and Youla' studied genernlized scartering parameters.
Hunton* used signal Row 1o anulyze microwave-measurement Lechniques
with & parumeters and expressed them with flow graphs, since thess parame-
ters relute directly 10 the signal flow. Kuhnt used a topographical approach
for resolving these Row graphs. :

3.2.2 BASIC FLOW GRAPHS

A flow graph can bz drawn to analyze the encrgy flow of a two-port
petwork. (Sec Fig. 3.2-2) A Aow graph has iwo nodes for each port, one for

G, Wm._ H_N

PORT I § PORT 2

b, EH oz

Fig. 3.23-2. Flow graph of & lwo-port actwark,

the entering {incident) wave and the other for the leaving {reflected) wave al
that port, The incident node is the a node and the reflected noce is 1he & node.
In gur casmple of the simple two-part network, when the incident wave
enters the device at port 1, part ef it will be retuened through the s, puth und
& aode. The remaining part of the incident wave goes through the s path
and leaves the network through the & node. 1 o device thatl has sume reflee-
tions is connected to part 2, and i 3 will reflect purt of the wave leaving o,
this reflection will reenter the network through the as node. Then, pact of
that mmay be rellectod, passing along the 2= path and Ieaving che network

! ¥urokawa, K., JEEE Pruns-ATIT, March 1965, p. 194,

# Penfield, 1%, Jr., “Moise in Moglive Resisianee Amplifiers,” |RE Trane-CT, ¥ol.
CT-7, June 3950, . LEE—70,

3 Penfictd, I, fr, “A Classification of Lossiess Theee Poriz,” IRE Tranz~LT, Yal.
CT5, Seplember 1982, pp, 20523,

tyoula, 13 C., "On Svattering Malrices Nomalized 1o Complex Port Numbers,”
Proc, IRE, Yol 49, July 1901, p. 122, .

* Hurton, J. K., ~Anidysis ol Microwave Measurenkont Techniyuds by Meanz of
Sl Flow Graphs,™ Tress, [RE, Yol MTT-8, March 1980, pin. 20612

#uhn, Nicholuos, “Siophlied Signal Flow Grgh Amlysis” The Micnaee
Joursal, Movember 963, pp. 3956,
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through the b; node. The other part of the wave passes thraugh the 54 path
and Jeaves the cirguit through the by node. . .
Following the arrows in the flow graph, we can writc the following
sguatinng.
by = @y + aatiz {3.241}
by = @8 + iz £3.2-2)
By analyzing these equations, one cun sce that tiese perameters can be castly
measured pnder certdin conditions, ] ]
Assume that there is no sigeal cntering at g; nodle (this can be achieved
by terminating port 2 with its characteristic impedance}. Then Egs. (3.2-1)
and {3.2-2) beeome
h.: = @i, _...m.Mumu_
be = @sa. £3.2-4)
By reversing the network, that is, terminating port 1 with ils n_,,...En_nq_mmmn
impedance and applying the siznal 10 port 2, Eqgs. £3.2-1) and (3.2-2) will
become
= fag, {3.2-51
azir, (3.2-6}

]

b,
B
sincs g, = £

Expressing the scattering parameters from Egs. (3.2-3), (3.2-4), (3.2-5),
and (3.2-6), we can write the following:

= _nl_. a: =0 (3.9
=2l =0 (3.2-8)
ay
b -0 (3.2
are = a
sm=2 ] 4=0 (3.2-10)
= e 1

Furthermore, these expressions show the means of measuring these purume-
ters: s cin be measured when port 2 is lerminuted with its characterishic
impedance ind only the ratio of reflested wave and incident wive his 1o be
measured at port 1. We saw that in Chap. 2, where refleetion Bnan._...ﬁﬁ
were discussed. This means that 5 is really the input-reflection coclicent
of the device, .

5 is measured in exactly the same manner as sy, except that port | 15
terminatad with its characteristic impedance and the stgaal is upplicd to port
2- 52 is the outputereflection cocflicient of the neterork. o

Su is measured when port 2 is terminated with its characteristic jmped-

2% FLOW GRAPH REPRESEMNTATION OF MICEOWAWVE METWORKS . B

ance and the signal is applied into port 1. The ralio of the signzls measured
at the & and &; nodes (voltuge between output and input poris) defines the
vaive ©f 5. Simply, 55 is the forwsrd transducer cosfRcient.

s 15 measurcd by reversing the ports and terminating port | in its
characleststie Impedance and applying e signal to port 2, The ratio of the
signals appearing at the &, ard a= nodes will define the valuz of the 51y parame-
ter. £ fs the reverse transducer coellicient of the netwark,

These parameters are vector values, and they have both magneitude and
phuse information.

1t is much cusior 10 mauke swept-frequency, widrhand measurements of
5 parameters thun of &, », and z parameters, especially abave 100 MHz. To
use the many design teehnigues defined [ terms of &, ., and z paramelers, it
is quite simple o convert dkika 10 any of these parameters (rom the scattering
parmeters, Table (3.2-1) shows the conversion equations for each of thoss
purametsrs und Lhe scultering parameiors.

Table 2.2.1. Conversion Equaltions Baiween 4, 2, ¥, and r Pacamelers

s = (= - Huﬁ,'uﬂ....“—“_.u = 2l T (] =+ 1)l = ....,.-.nw = Lk
" BT =4l = al = o

{z =+ Diza = 1)~ Sz

fe - o sy v 251y
R ETTIE R B F PR e - (1 — 2Kl — ru} — s

ry = Zrn N Y
e+ [Hzm + [ = 2 B TR | [ e

- (g =+ 1Hzg = 1) = zp2y
(ue = I H=m = 1) = 2oy
(1 =yl == yud = woryn

Sy =g

(1 + yuXl 4 ya) = yeyn

PP

fLF 2o Hl -+ reb = FaFa

G e TR
B ARy N S T

(0 ) = ymh — b
U+ 5uXb =+ ynl = Juzhn

(i — 1M ...T. 1 -I.-“_.._uu___.._.n

Sy = = ma-

e WAes 310 = Fushur
2

S o ST

Chr F Difig + 1= Jiahn
=2

L — eyl [ —

e+ V)i = 17 = dipirg

2y m SLok 2000 = i) o iy
Gt e =4 10 = Byl

e

i .

. {1 =+ sl — Tul 4 Jiasn

T T = L — ) =
{1+ .._...._aH_- — En) = Fpta

M= T Tl F 52) = et
iy 2

(L +. Ml = ) = Sarn
2

oy o —— I p—

{7 F i+ ) = pamm
CF = rpe ] — b 4 Srat

Frp oW e e ZET L LD

{l + 2l + 2] = 54700
{1+ )1 o 2a) = s

Trep = Ao TR

I § NP,

[ 2 _
L=zl 4 3u) 4+ 5500
I = — T2

(1 = sal(l < ) + 3202
(] = 5! = 2} = sy

fog - ——
] EXLYIE TV
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1.2.3 TOPQGRAPHICAL APPROACH TO
RESOLVE FLOW GRAPHS?

1t was emphusized in the previous scction that the scatiering paramglers
are descriptive of sgignal flow; conscquently, signal flow graphs cun eusily
show ihe scattering parameters as signal fow elemenis, A lwo-port network
kas besn described alrsady. The flow praph of 2 threc-port retwork can be
realizad in the same manner. Figure 3.2-3 shows such a Row gruph.

PORT | FCRT 2

by Siz dz

Fig. 3.3-3. Flow graph of a thtee-port netwark.

Nodes that represent waves entering and leaving the network are desig-
nated a. and b,, respectively. There is always a consecting line from an o,
nede 1o a b, oode within the network fiow praph, and these connecting lines
always go (rom a 1o b, They are associated with an s parameter.

Networks can be cascuded one afier the other, and their fow praphs
can be cascaded similarly, as in Fig. 3.2-4, which shows 1wo two-port net-
works trealed in this way. 1t s inlerasting to note thal node & and ai ar¢
synonymous; oy and b zre aiso synonymens, In 2 flow graph, @:oﬂﬂnﬁ
nodes can be connected with an arrow having a value of *1,”" meaning that
there is no eiectrical length between them. These two groups of nodes should
not be considered identicals the dircction of the arrow between 8 and 4l
s important. Basic transmission line elements can be divided into one-port,
two-port, and multiport groups. Every poet will have two nodes: one where
the wave enlers (2) and the other where the wave lzaves that port (9).

Flow graph representation of some ong-port networks 15 shown in Fig.

T Kuhn, “Simplified Signat Flow Grash Analysis,” Microwaers Jourmal, Wovember
1963,

3R FLOW GRAPH REPRESENTATION OF MICRONWAVE NETWORES !

o Sa by o sf bi

U_ m"_m [+ 7 .ﬂ_n__ M.._‘.N ﬂm___

Fig. 3.2<4. Two twe-porl networks cescaded.

3.2-5. M is the meter reading of an indicater, as shown; & represents the
law of the detector and does not change with power level 5o long a5 the de-
tector law does not change with power level. Furthermore, A includes the
effect of the tramsmission 1oss doe to the detector's reflection V'] — gL,

- Flow graphs of some two-port natworks are shown in Fig, 3.2-6. Thase
How praphs are only the most-used clements, Remember that ' stands [ar

. .
: ¢
T\ = L
<]
b b

o. Terminotion

e _II.. DETECTOR

b. Detecior

& Signal source

Fig. 3.2.5. Flow praph represeniation of some
one-pert networks,
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Figure 3.2-18 shows the flow gruph of 2 two-port nebwork driven with a
sigral source and Lerminated with a Joad, One path gocs from Lhe gencrator
10 node be: its value is 5. There are two paths from (ke generator to node
B The valuss of these paths are sy and sI'ch

1§ a path starts and finishes in the same node, it is calied a “loop,”
rather than 2 path. A “first-order logp™ is 2 puth coming to a closure with
0o node pussed more than once. The velue of the loop is caleulated as the
valus of the path, or the product of the value of all branches cocouniered
en roule. !

A "second-grder loop” is defined as two first-order loops not touching
each other at any node. The vaive of a second-order loop 15 the product of

Apply rule Neo. 3

F Ill4
_#ﬁ.n_..._ 1=13 T4 K
¥

E

HH..._nH.B
1-Tg T

Fig. 3.2-17. Reduction-of the measurement fow graph.

2.2 LOW GRAPH REPRESENTATION OF MICROWAVE NETWORKS 103

Apply rule No. 4

—t T

_IHJﬂ H..- u.IH._N H.__m ®
Eg

.n._...n T

TH.a T,

Apply rule Ng, [
_ . kT
wl.u.lﬂu.l_ _IH.._H m.l.ﬂ.
Eg
.HH .H..._.n H.__n

1-TyTy ~Ta Ty +T Ty T,

Apply rule No 3

KT
=T, T4
m » M
d ") o—i—{)
MLy T,
TEILTe

TISTgT, T g +Tg Tyl Ty

Apply rule No. !
E —
_IHanH__ﬁlH._n H._a +H.._ﬂH.ﬂH._H.N
T# Ty Iy
Tﬁqﬂ_ L..uﬂu...ﬂ_._..n_ﬂ_ T,

Fig. 3217 (cantinued)

the values of the two firsiorder loops. Thirds 2nd higher-order loops are
three or more first-order loops not touching sach other at any point, Their
valoes are caleulated in the samie manner as daseribed above for the soeond-
order loop, that is, by mudtiplying 1he cocfllictents of branches encountercd.
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0 S$u Da
E
by F I = P

1
&

104

Fig. 32-18. Flow graph of a iwo-port nework with a
signal source and a lcad.

For cxample, in Fig, 3.2-18, there are threa first-order i00ps (sul', 5=1';, and
T,5ul 5y and one second-arder loap (Funs=lL)

The nonteuching-loep rue® can be upplied to solve any fow graph,
The sguation in symbeolic Form is
A1 = DL  SLZ3 — ZLGYEN 4+ ]

B[l = DA 4 EL2FH — L]

N e . NN E -

| — ZL(0 4+ ZL(2) — 2L3) + ...

whers SE013 stands For the sum of alf Arst-order loops, TL{2) is the sem of all
second-order joops, and 50 on; Py, P P, ctc, stand for the values of all
puths that can be followsd from the indspendznt variable, in mgst ceses the
generator, to the node whose wijue is desired; ZL(13% derotes the sum of
those first-arder loops which do not Louch the path of £ ot any node; ZL(ZP
denotes then the sum of those second-orifer loops which do not touch the
path of A 21 any point; ZL(1)'Y conssquently denotes the sum of those mn.n.
order loops which do not touch the path of P. at any peint. Each path ig
multiplied by the factor in parentheses which involves all the loops of alt
orders that the path deoes not touch. T represents the ratio of the dependent
varfable in question and the independent vuriakle,

The sxample shown in Fig. 3.2-18 can be calcutated far {wo dependent
variables. One is the reffection coefliciont of the two-port nelwork b,/a,, and
the second is the transmission coellicient bo/E. In the fiest case, when b/a
is to be found, the gencrator it nlot inveived, so it should be neglected. The

solution is

T=

b _ sufl — 520} + salssie
a I = sl

51 is the frst path, £, which has to be multiplied with 1 — ZL{1}". sl s

* Lorens, C. &, “A Proal of the Monintorsecling Loop Rule o the ,m.o__.._Ea af
Lincar Equations by Flow Graphs,”™ Res, Lab, of Elcttroaics, M.1LT., Cambridge, My,
Qusreerfy Praprest Repori, Janunry 1556, pp. 87-10L

1 Hupp, W W, “Lectur: Notes on Sigant Flaw Graphs,” feom Aunlysls of Trowsser
Cirenive, Extension Course, Universily of Calfornia, Cotalog 334 AR.

e,
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the E.% first-order loop not touching the P, path; higher-order loops not
touching the £y path do not exist. Path number two, Py, wil] he Sy ptyat since
_._.mﬂn are :o.mmm_.aah". ot any higher-order loops not touching this path, it
wil! be muiltiplied by |. The deneminator shows the only frst-order loop
5Tt subtracted from unity, ]

The entite flow graph, including the generator, is nesded to write the
solution for the transmission cocificient.

_wu = 2 I
£ =T — s=li =Tl + Tosisnls

BeGause there is only one possible path from £ to the & nods, &nd there 2re
no loops not touching this path, only &, will 5tay in the numerator, It can be
scen Lhat there are three first-order loops and 3 second-order loop int ths
denaminules.

. M would be interesting 1o see the atienuation messurement fow graph
discess=d in the topographical approach us snother example, Figure 3.2.15
shows the flow graphs In guestion. Equations hiave to be written for M i E,
.HS_m_ ._ﬂm_____mw" the values of M /L, and M./E, have already besn found unﬂ”
ytically.

Mioe _k
Fo 1= 1T
since & is the only puth 2ad T, 35 the only loop.
Mi KT

E T = I\Th = T3l — 1,000, Tl tals
Again the only path is 47, and ail loops Louch this path, Thres first-order
loops E.._n a scegnd-order loop can be found in the denominutor.

Itis worth mentioning that third- and higher-order laops can ustully be
_.__nm.,._a.ﬂnn 2fter careful ana lysis of the values of various coeflicients in Guestion.
This is becavse values smailer than unity multiplied with zueh other become
even smalier. This point will be emphasized later in the teoxt,

MNanteuching-Loop Rule
PLL — ZLOP 4+ ZL)™ — BLL3Y0 4+, . )

Fa hPL =BT @ = Y AU — SO
V= EL() + ZL3) = 2L+ .

I Sumn of all Rrst-order loops

L) Sum of 1l second-ordzr loops

FuPo Py Values of puths corresponding to indices .

ZL™ Sum of those frst-arder loops which do not touch F2A

SL@A™  Sum of thuse second-order foops which do not toucl A

%S@i Sum of thosc #-order loops wiich do nat touch £, path

Ratio of dependent variable in question snd indupendent variable
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INTERNALLY MATCHING, FLIP-CHIPF MDUNTING

Eq1r Sz vef S43. 531 w. f

S PARAMETERS (Te = 25°C, Vpg= 2V, ip = BUCmA!

S Parsmeters {TYE.)
f 51 S12 531 522

{GHz) Magn. |Angle (deg)] Magn. |Angle (deg)| Magn. Angle{deg)l  Magn, | Angle(dez.)
9.6 0253 ~500 | 0058 —39.4 251 31.2 0470 | —1208
9.7 0.193 ~1055 0.068 —48.2 244 219 0497 | -1328
98 0.154 — (248 0077 —554 237 13.1 cany | -1329
99 0.127 —1436 | ans? —60.7 237 56 p4l0 | =1365
1.0 0.697 ~165.9 0306 —68.4 2 43 —4.5 0402 | —1454
10 0036 | —i563 | 0an a0 | 242 | -i54 | oase | 1555
102 0.068 —202 | 0118 -85.4 236 —265 0333 | -7l
103 0.20 15 0.126 952 230 375 0.30 1733
104 0309 10,3 0.128 —103 4 217 —482 0227 164.7
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FEHOAFA/LG Fujitsu HEMT (B9/90}, £-0D axtrapolated; Vds=2zV, Idz=10waa

£ 811 a2l sl2 s22
a.0 1.000 0.¢ 4.375 1ig0.0 0.000 0.0 0.625 0.0
1.0 0.982 —-2¢.0 4.257 160.4 0,018 74.8 0.620 -15.2
2.0 .952 =39.0 4.113 142.0 0.023 62.9 0.604 =-28.9
3.0 0.910 ~57.3 3.934 124.3 0.046 51.5 0.585 -42.4
4.0 g.863 -75.2 3.73% 1Q7.0 0.057 40.3 0.0&64 -55.8
5.0 0.B809 =-952.3 2.4B7 9.4 0,065 30.3 0.541 -63.2
6.0 0.760 ~1D8.1 3.231 5.0 0.065 AL, 0 0.524 -Bz.0
7.0 0.727 -122.4 3.018 60,9 G.072 14,1 0.523 -93.,6
3.0 0.701L -135.5 2.81%7 47.3 0. 073 7.9 0.524 -104.7
9.0 a.678 =147.9 2.6546 332.8 0.074 1.6 0.538 -115.4
14.0 0.653 -159%.8 2,912 20.2 0.076 -4.0 0.552 -125.7
11.90 g.623 -~171.1 2.367 7.1 0.07¢ -10.1 0.568 -136.4
12.0 0,601 178.5 2.245 -5.7 2.076 =15.9 0.587 -1l46.4
i3.0 0,582 lag. 8 2.151 -1e.4 0.076 =21.9 0.61 -156.2
14.4 0.564 i60.2 2.0465 ~31.2 .07F -—-28.86 0.644 ~165.4
15.0 0.533 i6l.6 2.001 -44.8 2.079 -36.8 0.676 -174.8
164.0 0.500 142.8 1,938 -58.8 0,082 -48.5 0.707% 174.2
7.0 g.461 134.3 i.gH4  =93.7 0.083 -61.7 0.733 163.6
18.0 0.424 126. 6 1,817 -B2.7 0,08 -77.9 0.758 150.5
9.0 0.385 121.7 1.708 -106.58 6.087 -97.2 0.783 139.1

29.0 G.347 i19.% L.6l3 -1223.7 ¢.0%8 -119,9 0.7923 I26.6




ATF-21186 Typical Scattering Parametors,
Commn Seurce, Tom 50 81, Vo w 2V, Ipg= 15 mA

o ——

‘N . ATF-21186 Typical Noise Parameters,
T mtngmnnuﬂq&ulucpduniud,uﬂlru!?

Frequency NF, Tt FNGO [T

MHz dB Mag. | ‘Ang. -

e 057 B 20 0.8
1300 OEL 0ED ] 058
2000 071 Q.76 61 048
403 oa0 0.2 pis:] b
506H L3 &1 168 o4
ECO0 i [ 1]

D73 | -148

. ATF-21186 Typical Noise Parameters,
¥ Fﬂghnlgb.donhud_ﬂq&nl 15 b

Su S Soa -
Frequency T
Mz Ang. Maz. Ang. rag, Ang. Ang.
500 A% .77 47 0.063 62 -55
1030 =51 242 333 G052 =2 = =63
200 -57 285 108 0.1z1 - | A1 |
A0 -114 241 B 0155 25 -105
400D 21 a1 Bl 0,178 1z T
GROD 27 123 % 0185 L 1740
G000 152 ] 19 0.188 B | 162
0 140 139 z Lk b <15 144
4030 125 1325 =14 Q00 =20 0,37 129
ATF-21186 Typical Scatteriog Pacameters,
Comman Souree, Tow 50 0, Vg =2V, lpg= 20 mh
5
Frogecacy B o
Nz Ang. Mag. _ Ang. Blog. Ang. Ang
500 51 417 146 0056 61 B2
J0an B iy 132 0087 54 69
E000 40 11 07 2103 an a7
30400 -11E .50 a3 0,150 bl -111
4000 147 285 &0 £.169 15 142
000 | 76 L# 39 0150 5 -175
OO0 154 LE3 an 0,137 -4 155
T bicid 147 2 0.193 11 138
a0I0 120 Ly | -3 0205 47 125
ATF-21126 Typical Scattering Farameters,
Commen Seares, To e 5050, Vg w1V, Iy = T mA
_IHq Sn Sn
LY rd
MH= ang. | Mag | Ang | sz | Asp Ang.
50 30 [ 156 ood | T 25
1ce0 57 274 136 .06 62 -5E
2000 -105 4.30 12 .14 5 =109
g 13 118 a0 02 a1 149
4000 -1T0 63 50 f.14 33 -178
5000 43 212 42 {F-] 2 161
BODD | LT L76 = 0,17 bt 144
0D 133 148 12 0.18 18 116
E0OD _ 125 139 5 0.1% 1E 131

Frequency NFL ™ Tomt
MHz 4B " Mag. Ang.
564 c.s0 £al a1 n.ed
1000 0.55 0.7 4a .48
e 2000 -7 LB (<A} =] 440
¢ ADDa 0.8 QGG 111 X ]
GO 113 065 1M 004
fae BODD 123 175 -1a% 0l
. C f
ATF-21186 Typical Noise Parnmoters,
Comamen Soures, o = 50 2, Vg w2V, Ips = 20mA
Frequency | NF, [y RdEn 2
YE= 4z blag- | Ask %
Son 045 0,58 a1 o586
1090 0.50 a8 41 4l
2069 Q.60 a.75 &4 [ ]
AL 0.62 0.E5 133 0.6
GLOD .03 65 174 .08
EL00 124 0,69 -139 g11

g
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