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Commutation Quality Factor of Two-State
Switchable Devices
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Abstract—An unified way to characterize a two-state one-port ~ Throughout three decades, several attempts to define a nu-
switchable network is discussed in this paper. A figure-of-merit merical figure-of-merit for a two-state switching device have
of the two-state one-port, called the commutation quality factor been undertaken. In an early fundamental investigation [13],

(CQF), is introduced. It can be applied to different types of - .
switching devices (semiconductor, ferroelectric, superconductor, [14], such a useful definition was presented for semiconductor

etc.) and used for a design of two-state components with optimal P-i-n diodes. Unfortunately, this definition was presented in a
characteristics. The CQF is defined as the ratio of the input mathematical style of classical circuit theory and has not been
impedances of a lossless reciprocal two-port terminated in the accepted by the microwave community. Twenty-five years ago,
impedance pair Z; and Zz, provided the imaginary parts of both 4 figre-of-merit of tunable ferroelectric devices was formulated
input impedances are zero. A simple formula is derived for a [15], [16]. The recent attempts of finding a reasonable charac-
calculation of the CQF. The invariance of the CQF with respect b L= . p . 9 - "

to lossless reciprocal transformation is shown. The applicability terization of the ferroelectric devices are given in [17] and [18].

of the CQF does not depend on the physical nature of the device. The goal of this paper is to define a way of characterizing
The CQF is a working tool for a selection of switching devices g two-state one-port network, which can be applied to any
while designing electronically controlled microwave components switching device and used for optimizing switching circuits.

and subsystems. The CQF is recommended to be used for deter-B I disti ish bet itchi devi d
mining the available minimum of insertion loss of a switching €low, we distinguis etween a swilching device and a

microwave component. Thus, the introduced CQF can be used for Switching circuit component, which includes the switching

optimization of the switching microwave component designed. device.
Index Terms—Microwave phase shifter, microwave switch, |N this paper, we focus on the following subjects.
quality factor, switchable devices. 1) General design considerations that concern switchable
components such as phase shifters, modulators, switches,
I. INTRODUCTION etc.

2) A discussion about a figure-of-merit of the switchable
N MANY microwave systems, two-state one-ports are  components. For digital phase shifters, it concerns the
widely used in the design of controllable components  ratio between the phase shift and the average insertion
such as digital phase shifters [1], switches [2], modulators,  |oss measured idegrees/decibel§p; — o2)/[0.5(L1 +
and switchable multiplexers [3], [4]. The commonly used  [,)] and for a single-pole single-through (SPST) switch,
p-i-n diode switch is characterized by two quantized states  jtconcerns the insertion and return losses in the two states.
and, consequently, may be considered as a two-state one-por) |ntroduction of a figure-of-merit for the switching de-
[1]. The two quantized states can as well be realized by a  vice is useful for optimizing the switchable circuit com-
FET switch [5], and by a superconducting S-N switch based  ponents. We suggest to call this figure-of-merit the com-
on the transition between superconducting (S) and normal  mutation quality factor (CQF).
(N) §tates in & thin supergonductmg film bridge [6]_[_8]' The Using the principles partially formulated earlier [13], [14],
semlcpnductor varactor dlo_de [9] and the ferroelectric plan rg], it will be shown that the CQF of any switching device as
capacitor [10]_[12,] are continuously t.unalble, but ,bOth of the fined below is invariant with respect to a lossless reciprocal
can t_Je cr_\aractenzed by the propertles in two different states dance transformation. The CQF does not depend on the
and, in this respect, m?y b,e c.on5|der'ed”as two-state one-p sical nature of the two-state one-port. The figure-of-merit
We shall use the term “switching device” as a synonym of t the microwave component (phase shifter, etc.) is a distinct
two-state one-port. function of the CQF. Knowing the CQF together with other pa-
rameters of the switching device allows optimizing the design

) ) ) of microwave system components.
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(in) g— | _ . are not the only possible conditions for a synthesis of the trans-
Z, A B Z,=R,+jX, : L : ;

(i) ¢ D ] forming two-port, but they simplify considerably the analysis
Z;" ——f Z; =R+ )Xy procedure. Using other possible constraints will not change the

fundamental characteristics of the switchable circuits consid-

Fig.1. Reciprocallossless two-portdescribedd®yC' D matrix transforming ered.
the Z,, Z, impedance pair int&", Z2) impedance pair.

in in

A. Definition of the CQF of a Switchable Device
Ly “A B" E Z; =R +jX, When the transformer meets the conditions (3), the
c D Z,=R,+jX, impedance paiIZi(i) and Zi(ﬁ) turns into a pair of resistances
Ri(i) and Ri(fl). The larger is the change of all components of
Fig. 2. Reflection-type 180 phase shifter based on switching the devicgZ; and Z,; the larger will be the ratio of the resistancig )

impedance pair betweeft, and Zz. andR?. We suggest the ratio of the resistané®¥’ andR.>’
as the CQF K) of the two-state switchable device. Hence,

Z, =Ry +jX|
Zy =R +jXu

F:l—l

K = R /Ry 5)

assuming the equalities (3) are fulfilled. Not disturbing the gen-
eralization, one may put

K>1. (6)

INPUT OUTPUT
*r—— . .
B. Reflection-Type Phase Shifter

gon | S S Fig. 2 shows a schematic of a reflection-type phase shifter.
s s . .
= The reflection coefficients for two states are

Fig. 3. SPST switch based on switching the device impedance pair between R.(i) — Zy
Z, andZ,. r,= 1(1)7

Rin + ZO
Using the impedance’s; » as loads of a reciprocal lossless L — Ri(i) —Zo 7
two-port network (Fig. 1), one obtains the input impedance of 2= R® 4 Zo (7)

m

the two-port
L L L ) ) ) where Z; is the characteristic impedance of the transmission
ZW =RY 4 ixWandz?® = R? +,;x®. 2@ line.
. . . AssumingRi(i) < Zy K Ri(i), one obtains the phases of
The transformed impedance pair should be changed in a WAY reflection coefficier(:tal — 180° andg, = 0°. Requiring
that provides a maximum influence on the microwave CirCLW]e

taining the transforming lossless t ¢ and the t : magnitudes of the reflection coefficients equal = |['s|
containing the transtorming 10ssiess two-port and the two-s athovides equal return losses in both states. This is obtained if
switchable device.

In order to determine the requirements 4{’ andZi(rf), let [ (D) (2
us consider suitable two-ports used in eiﬁ%r a reflection-type Zo = Ri(n)Ri(ﬂ)' (8)
circuit (e.g., a 180 phase shifter, Fig. 2) or in a transmis- |f the condition (8) is fulfilled, one obtains
sion-type circuit (SPST, Fig. 3).

For the reflection-type phase-shifter circuit (Fig. 2), we want ‘5(1,2) _ VK -1 ~q_ 2 )
to obtain two different reflection coefficients equal in magnitude Wl VE+1 VK
and 180 phase shiftedl{; = —1I'2). The simplest way to des'gnwhereK is the CQF as defined by (5).

such a phase shifter is to assume If the condition (8) is not fulfilled, the magnitudes of the re-

xP=x® -9 (3) flection coefficients are not equab'V| # |5%)|. The average
loss for the two states can be defined as
and
L(cwp, |q@P)]"
RY < ZoandR® > Z @) Loy = {5 <‘Sn |+ || )} . (10)

The second circuit (Fig. 3) is an SPST switch, which shoultican be proven that the average loss in the two states is min-
provide a maximum largks12| and|S11| < 1in one state, and imum if the condition (8) is fulfilled.
a maximum largéSi;| and|S12| < 1 in the other state. Such  Equation (9) determines the minimum insertion loss of the re-
characteristics of the SPST switch can be realized if conditiofisction-type phase shifter. If, in the case of practical realization,
(3) and (4) are fulfilled. one uses the two-state device with the CQF being equ&ldad

The constraints (3) are always possible to realize in pratie measured loss of the phase shifter coincides with the value
tice. However, it will be shown below that the conditions (3@iven by (9), one can assert that the phase-shifter characteristic
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is optimum [6], [8] and the smaller insertion loss cannot be olet it be
tained. This statement was generalized for the reflection-type

phase shifter for any value of the phase shif A=a
B=jb
12| _ 2 Ap J
‘Sll —1——,E'Slll T (11) C:jc
D=d (16)

The same is regarded to transmission-type phase shifters

based on switchable devices. wherea, b, ¢, andd are real numbers anglis imaginary unit.
) The equalities of (16) are valid for the lossless two-port. The

C. SPST Switch reciprocity of the two-port is provided by the following equa-

Fig. 3 shows a schematic of the SPST switch considered. Ttun:
impedance pair of the switchable device is transformed into the
pair of resistance®'") andR?, which are connected in series ad +cb = 1. A7)
with the transmission line. The components of the scattering

matrix corresponding to the pair of resistandely’ and R’ The impedance palr of the switchable devite, = 1y > +

X1, o istransformed into the inputimpedance’s of the two-port

are
G __ Ry Zy? = ?(};1’2 H,.);’Q) - 12- (18)
= (Y ie(Ry,2 +1X12) +
51 270 For the real and imaginary parts of the impedances, one has
. Ri(i) +2Zo R _ Ry o 1
@) R(2) in - d2 c c 2 ) )
Si3 :R~(2)—1:2Zo 1_23X172+ <3> (R1,2+X1,2)
(2) 2% (19)
Sy = —m—— (12)
R+ 22 and
Let us assume that the insertion loss in the statend the (1,2 1 bd+(ad—be)Xy 2 —ca (R o+ X7 ,)
return loss in the stat&, are equal. Thus, in T p’ . o\ 2 :
1-2-X; o+ <—> R? 4+ X?
5] =[5 @) et ly) War s
which is obtained if AssumingX {"?) = 0, one obtains the system of equations with
| respect to the elements of theBC D matrix
Zo ==\ RPR?, 14
07 gV i Hin (14) bd + (ad — be) X1 — ca(R? + X2) =0
We obtain the following formula for the insertion and return bd + (ad — bc)Xo — ca(R35 + X3) =0. (22)
loss, respectively: )
From (21), one obtains
VK 1
5<l>‘:‘5<2>‘: >l . 15 bd + (ad — be) X
‘ 12 11 1+\/? \/? ( ) Rig +X1272 _ (CL — C) 1,2. (22)
Likewise the case of the .reflect|on-type phase shifter di 'uPstituting (22) into (19) yields
cussed above, one can say if the experimental performance o
an SPST exhibits the results covered by (15), the design of the RLD _ Ry a 23
SPST is optimum. mo T g °x, ., (23)
Thus, we may conclude that th€ factor is the governing d -
facf[or in designing a switchab!e componel_ﬂt. The principle.of B introducing
estimation of the CQF of a switchable device used for design of
switchable components does not depend on physical nature of & _ 2
the switchable device. Ccl
a="Y
I1l. TRANSFORMING AN IMPEDANCE PAIR gzl, Z5) INTO A b
RESISTANCEPAIR (R, R?)) 777 (24)

It is convenient to describe the transforming two-port by tlhﬁa'e system of (21) can be rewritten as follows:
ABCD matrix '

A BH z+(n® —y2) X1 —yn® (RI + X7) =0

|All = H C D z+ (712 —yz)Xo — yn2 (R% +X22) =0. (25)
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One may see from (23) and (24) that, in the clige= X2 = V. INVARIANCE OF THE CQF OF A SWITCHING DEVICE
0, the introduced parameter is a transformation coefficient, WITH RESPECT TO ALOSSLESSRECIPROCAL
which can be selected to obtain desired vaIueRi(éfQ). IMPEDANCE TRANSFORMATION

If Ry, Xy, Rz, and X are known and the transformation co- -, yhe nioneering investigations of a two-state one-port [13],

efficientr is selected, (23) _and (25) mak_e it_possible to find a{h4], the following figure-of-merit associated with switching
elements of thel BC D matrix. Now the pointis, how to synthe- properties was introduced:

size the two-port network transforming the impedance gair (

Z5) into the pair of resistanceﬁfrll), Ri(i)). For a complete for- M= Zy — 2y
mulation of the problem, the frequency dependence should be N+ 73
taken into account.

From (17) and (25), one obtains

(34)

whereZ,, Z, is the impedance pair of the two-state one-port
(switching device) considered. The asterisk denotes the com-

y2[(Rf +Xf) X, — (R§ +X22) X1:| plex conjugate. From (33), one obtains
(R1 — Ro)? + (X1 — X»)?
(Ry 4+ Ro)? 4+ (X1 — Xo)?'

—y[ (B +X3) - (B +X3) | + (X1 - Xp) =0, M2 = (35)
(26)
Let us consider two impedance pait ( Z;) and ¢}, Z5).

The solution to (26) is a first step in synthesizing th&C'D  The first one is the original pair that was used for obtaining (24)
matrix. It is interesting to note that (26) does not contain t%d (25), and the second one is a result of impedance transfor-
transformation coefficient. mation by a reciprocal nondissipative two-port. The two-port is

An obvious transformation yields described by amt BC'D matrix obeying the equalities (16) and
(17). Thus, the pairf;, Z4;) can be obtained by application of
(18). Substituting the component&(, R, X1, X}) of the pair
(Z1, Z5) into (35), one finds that all, b, ¢, andd components of
the ABC D matrix are canceled. That means that the parameter
M is invariant with respect to the lossless reciprocal impedance
transformation.

[Rf(l —yX2) — R3(1 - yXl)} Y

X = (1—yXo)-(1-yXy1)

(27)

IV. COMMUTATION QUALITY FACTOR OF ASWITCHING DEVICE

From (23) and (24), one obtains We have the following relation betweéd and K:
2 1 14 M?
RYD o Ry, — 28 Bl R Ml
in L2 TR (28) K—I—K 2T (36)
Using the definitions of (5) and (28), we get By substituting (35) into (36) and yielding (33), one can check
B 1-uX the validity of (36). Solution to the quadratic equation (36) with
) A (29) respect tdX yields two roots; one of them complying with (34)
R2 1-— yXl is
or after a transformation
K= itM 37)
ot B X - X (30) 1-M
Ry Ry 1-yXy It was shown above that the parameiéris invariant with re-
Analogously, one may find spect to the lossless reciprocal impedance transformation. The

equation is followed by the conclusion that the paramétes

1 _ By Ry Xp—-Xp (31) invariant as well. Thus, the CQF of a switching device in the

K R R 1-yX form of (33) is invariant with respect to any lossless reciprocal
The summation of (30) and (31) yields impedance transformation.
In order to clarify the statement about invariance of the
1 R, R, [Rf(l —yXy) — R3(1 — yXl)} CQF, let us consider the circuit shown in Fig. 4. Hefg,
K+ X R, + i + 1 —yX1) (1 - yXa) Z> is the impedance pair of the switching device aﬁﬁ),
? ' ! X, —%XQ Zéo) is the impedance pair obtained after transformation by
“RiRy (32) a transformerA;. The combined transformation produced

by two transformersA; and A, leads to the resistance pair
Equation (32) is symmetrical with respect &> and R _Ri‘“% R$™  which have already been considered. One may
From the quadratic equation (32), one may select the solutitierchange the transformer$; and A,, keeping the same

that givesk > 1. Substituting (27) into (32) leads to input resistance pair. Thus, we may obtain a wide range of
) impedance pairstJ), Zéo), which are characterized by the
K+ 1 - By Ry M (33) same CQF. If both transformers; and A> are lossless and

K Ry R Ry Ity reciprocal, the substitution into (33) of the active and reactive

Equation (33) is a basic and comprehensive formula for tig@mponents from any of impedance paifs, Z», Zfo), Zéo),
CQF of a switching device. and Zf”“), Zé”“) yields the same value oK. Among these
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Fig. 6. Generally used configuration of a superconducting bridge. Typical
Fig. 4. Impedance transformation realized by two reciprocal lossleginensions of the bridge made from YBCO thin fiim are:= 0.3 pm,
transformers as used to discuss the invariance of the CQF of a two-state devices 20 pm, andl = 300 gm.

= c dance with Section V does not change the valudiotieter-
. mined by (41).
L. As a numerical example of the parameters of a p-i-n diode [1],

we assum& = 0.3 pF, 7. = »— = 0.7 §2. For the frequency

F =10 GHz, using (41), one obtaing = 5 - 10°.
Fig. 5. Equivalent circuit of a p-i-n diode at microwave frequency.

B. Superconducting Bridge Exhibiting S—N Transition

impedance pairs, one may select the pairs with nonzg{f8, Fig. 6 shows a typical configuration of a superconducting
Xéo) that removes the constraints of (3). bridge [6]-[8]. Three parameters are used to describe the mi-

Any switchable component suitable for practical applicationgowave properties of the thin-film superconducting bridge: The
has to have arather large CQF, i.E.,> 1000. For such a case, resistancel?s and inductance. connected in series in thg

(33) can be simplified. state (no dc current through the bridge) and resistatiges
a) For the case when the real part of the switching devicef& and inductancé in series in theV state. Thus, impedance
changed &2 > R;, Xo = Xy) pair of the superconducting bridge is
K= (38) R =Rs
Rl R2 = RN
b) For the case when the imaginary part of the switching Xo =X, =wlL. (42)

device is change >R, Xo>X
gedty = iy, Xz > M) Substituting (42) into (38) yields

— R]\T
= Re

Itis known [6]—[8] that a thin-film superconducting bridge is
characterized by the following resistance pair:

(X1 — Xo)?
RiRy,

Equation (39) is valid fo&™ > 200.

K= (39)

K

(43)

VI. COMMUTATION QUALITY FACTOR OF SWITCHING DEVICES

OF DIFFERENT TYPES R — 1 l
=
A. p-i-n Diode one W
. . . . . 2 )\L l
Fig. 5 shows the equivalent circuit of an unpackaged p-i-n Rs = (wpo)™ -~ o5 (44)

diode [1], [19]. Three parameters are used to describe the p-i-n ; )
diode: resistance,. for the on state (forward-biased diode) and/here!/, d, andw are geometrical parameters of the bridge
resistance_ and capacitano® in series for the off state (zero- (Fig. 6), A, 05, andoy are London penetration depth and
biased diode). Thus, the impedance pair of the p-i-n diode ishormal conductivity of the film material i andV states, re-

spectively.
Ri=ry Substituting (44) into (43) yields
Xl =0 1
K=—+"+"". 45
Rp = (wio)*ALonos (45)
1
Xo = —. (40) TheK parameter is a characteristic of the superconducting film
wC' . . - .
material and does not depend on the bridge dimensions.
Substituting (40) with-. = _ into (39) yields The following parameters of a typical high-temperature su-
1 perconductor (HTS) film [6]—[8] can be usedl; = 0.25 m,
K=—3"——. (41) oy = os =10°%1/Q-m. For 10 GHz, one obtains = 4 - 10*.
(WCY2ryr_

In the case of a packaged p-i-n diode, the equivalent circuitbf Ferroelectric Capacitor
the package should be taken into consideration [1]. The packagé&ig. 7 shows the equivalent circuit of a ferroelectric capacitor
can be described as a lossless reciprocal network, and in ac§b®]—[12]. Four parameters are used to describe the microwave
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C e J_CZ In this case, as in the previous one, Kigparameter is a char-
acteristic of the material and does not depend on the dimensions
n I of the switchable component.
For a typical ferroelectric film [7], [17], [18)» = 2, and
at 5-GHztan 6; = 0.015, tan 6> = 0.007. Using (49), one
Fig. 7. Equivalent circuit of a ferroelectric capacitor. obtainsK = 5 - 10°,

D. Semiconductor Varactor Diode

Fig. 8(a), shows the equivalent circuit of a semiconductor var-
R C actor diode [9]. The following four parameters are used to de-
scribe the microwave properties of the varactor diode: the ca-
pacitanceC; in a zero bias state; in biased state, a series
r
(€Y
(:1 —L LOZ
I ﬁ Iy
(b)

resistance and a resistanc& shunting the capacitor for both
states. Fig. 8(b) shows the transformed equivalent circuit of the
varactor diode where

(50)

Thus, the impedance pair of the varactor diode is character-
ized by the capacitance®; and C,, and the resistances
andr.. For a typical varactor diode [9], one h&s = 1.6 pF,

Fig. 8. Equivalent circuit of a semiconductor varactor diode. Cy = 0.4 pF, R = 300 €, andr = 1 Q. For 10 GHz using (50),
one obtaing; = 0.3 2 andr, = 5 Q. Using (47), one obtains

— 4
properties, resistaneg, and capacitana€; connected in series K = 10°%

in the nonbiased state (no biasing dc voltage applied);aadd

C», respectively, in the biased state. Thus, impedance pair of the VII. CONCLUSION

ferroelectric capacitor becomes Different suggestions to characterize switching microwave
devices can be unified by introducing the CQF. A simple uni-
Ry =m versal formula is derived for determination of the CQF. The in-
Ry =19 variance of the CQF with respect to lossless reciprocal trans-
X, — 1 formation is shown. The CQF does not depend on the phys-
L wC ical nature of the device. The CQF is a working tool for a se-
Y, — 1 (46) lection of switching devices to be used in electronically con-
27T 00y trolled microwave components and subsystems. The CQF al-

. ) _lows one to determine the available minimum of insertion loss of
Since resistance; and i, are of the same order of magni-5 gyyitching microwave component. Thus, the introduced CQF
tude, (39) can be used. Substituting (46) into (39) yields  can pe used for optimization of the switching microwave com-

ponent designed.
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o !
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