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ABSTRACT 

In this study, S-band microstrip stub switch, using 

PIN diode such as HP 5082-3005 series for the switching ele­

ment, is designed in the SPST configuration at the central 

frequency of 2.5 GHz. The design procedure for multiport 

switches is given. 

lV 

The theory of PIN diode and microstrip line are pre­

sented for the de.sign of the microwave diode switch. Diffe­

rent types of swi tches are investigate·d. An experimental re­

sults are reported for the purpose of supporting theory. 

A microstrip line stub switch has been constructed in 

which PIN diode provides 24 dB isolation and 1.5 dB insertion 

loss at the central frequency of 2.65 GHz. 
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- ·bL~ET-· 

Bu callsmada, S~bandlnda 2.5 GHz merkez frekanslnda, 

HP 5082-3005 PIN djyodu kullanarak serit hatll bir anahtar 

devresi tasarlanmlstlr. Ayrlca cok kaplll anahtar devrelerini 

tasarlama yontemi verilmistir. 

Mikrodalga diyodlu anahtar devresini tasarlamak icin, 

PIN diyodunun ve serit hatlarln teorisi sunulmustur. Ayrlca 

cesitli anahtar devreleri incelenmistir. Anahtar devrenin 

performanslnl gostermek icin deney sonucl~rl da veril~istir. 

PIN diyodu serit hattln uzerine yerlestirerek elde 

edilen anahtar devre, 2.65 GHz merkez frekanslnda 24 dB iso­

lasyon ve 1.5 dB araya girme kaybl s-aglalillstlr. 
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INTRODUCTION 

Microwave switches, which their operations depend on 

the action of diodes, are used increasingly in microwave sys­

tems because of their valuable advantages of light weight, 

and low driving (or bias) power. Typical applications are 

transmit:-receive (T-R) switches for'pu1sed radars and digital 

phase shifter for phased-array antennas. 

Microwave transmission lines are usually coaxial, 

strip1ine, or wave-guide. For some years a technique for a 

switching microwaves in x-band wave-guide with semiconductor 

diode has been in use (1). But using microstrip line for 

switching element can be fabricated at a substantially lower 

cost than wave-guide or coaxial circuit configurations. This 

thesis includes a theoretical background on the PIN diode, 

-microstrip transmission line, theoretical and practical design 

of the microwave switch. 

The switching action of the PIN diode results from 

the variation of the I-layer resistance with applied signal 

level. At zero bias, the -I-layer ha~ a high resistance and 

hence the diode acts as a fairly high Q capacitance at micro­

wave frequencies. This effect is very beneficial for a diode 

which is intended for use as a microwave switch because the 



lower the capacitance the higher the impedance of the diode 

under reverse bias, and the more effective the device is as 

2 

an "open circuit". In the forward bias state, the I-layer re­

sistance is considerably lower due to conductivity modulation 

and the diode acts as a low resistance. Such conductivity 

-modulation can be produced by the de bias.- -- - -<. 

Chapter 1 is concerhed with an analysis of the proper­

ties of th~ PIN diode in both th~ forward and reverse state!, 

The I-layer resistance fordc injection is calculated here in 

elementary fashion using the stored charge method. We also 

point out the advantages of the PIN diode for the microwave 

switch. 

In Chapter 2, we introduce the basic concepts on the 

-microwave switch. Diodes modes are discussed. The power 

handling capacity is given. _ 

In Chapter 3, the properties of microstrip transmis­

siori lines are investigated. We also point out the advantages 

of microstrip transmission lines. Microstrip transmission 

line design chart is given. 

In Chapter 4, we introduce different types of switches. 

We also design -the microstrip stub switch in SPST configura­

tion. The design procedure for multiport switches is given. 

Chapter 5 is concerned with the driver circuit con­

sideration for PIN diode RF switch. High speed driver cir-
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cuit configurations are given. 

Chapter 6 summarizes th~ experimental results and the 

conclusions of this study. 



1.1. INTRODUCTION 

CHAPTER 1 

PIN DIODES AND THEORY OF 
MICROWAVE OPERATION 

The PIN diode should not be thought of as something 

physically different from the PN junction (2), but its struc­

ture is somewhat different~ We know that with the abrupt 

junction the width of the depletion zone is inversely propor­

tional to the resistivity of P or N region, whichever has the 

lesser impurity doping concentration. Under zero and reverse 

bias,the diode has very high impedance at microwave frequen­

cies, whereas at moderate forward currents it has a very low 

impedance. This permits the use of a PIN diode as a switch 

in a microwave transmission line. 

1.2. STRUCTURE AND PUNCH-THROUGH VOLTAGE 

In a PIN diode, the semiconductor wafer has a heavily 

doped P region and a ~eavily doped N region separated by a 

layer of high-resistivity material that is nearly intrinsic. 

Often the thickness of the high-resistivity layer lies in the 

irange between 10 and 200 ~m. Electrical contact is made to 

the two heavily doped regions. The dopping profile for the 
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wafer is illustrated in Figure 1.1., The dopping profile is 

achieved by diffusing an N-type dopant from one side of the 

wafer and a P-type dopant from the other side, the wafer being 

initially of high-resistivity P-type (rr) material (see Fig. 

1.1, broken curve). N-type material can be treated as well 

by making appropriate changes in the sign of the concentration 

and using the appropriate values of mobility for the majority 

carriers. 

Impurity profile 
resulting from 

.2 diffusion 

"§ --< 
~ ~, 
g \ 
loll \ 

.:=- \ 

.~ n-type \ 

E toyer \ 
.... 
'" c: 

\ 
I 

x) 

Impurity profite 
of abrupt junction 

W / 
I 

I 

/ 

, 
,,­, 

I p-type 
IntrinsIC layer : layer , , 

Distance from wafer surface 

FIGURE 1.1. Doping profiles for PIN structure. 
( 

'Idea11y it would be desirable for the I-layer material 

of the diode to be intrinsic. With an intrinsic I-layer, the 

RF loss of the PIN diode under reverse bias would be'minimized, 

and its capacitance would vary least with reverse-bias voltage. 

In practice, a truly intrinsic layer does not exist in a PIN 

diode, because it has not been technologically feasible to 
I 

maintain intrinsic re~istivity in the I-layer throu~h .the pro-

cessing of a diode. Thus the concept of P+ and 'N+ layers 
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separated by an intiinsic region is somewhat artificial. To 

distinquish unusually heavily or lightly doped material, spe­

cial nomenclature has evolved. Heavily doped P and N material 

are referred to as P+ and N+, respectively, the Greek letters 

are used; thus high-resistivity P material is called rr-type 

and high-re sisti vi ty N material is called \l- type. TYPlcafly 

the I-layer has a resistivity of 1000 Q-cm and is either 

TI-type or \l-~ype. 

Now the question arises as to the differences between 

the ideal PIN diode having a truly intrinsic layer and a-prac­

tical PIN diode, in which the I-layer is actually, for example, 

a TI layer. Let us consider what happens to the space charge 

and electric field for the ideal and the practical diode as 

we applied reverse bias (P+ layer negative). Figure 1.2 il-

l\lstrates the comparison. At zero bias, the diffusion of 

the holes and e+ectrons across the junction causes space-

charge regions of thickness inversely proportional to the im­

purity concentration to form in the P+ and N+ layers adjacent 

to the I-layer. The ideal PIN diode which actually does have 

so high a resistivity I-layer, that it is depleted at zero· 

bias is called a zero punch-through diode, because the deple-

tion region has "punched through" to the high conductivity 

region even before bias is applied. Thus we have a region of 

fixed negative charge 'in the P+ layer and a region of fixed 

positive charge in the N+ layer, with equal charge in the two 

layers but no charge in the I-layer. As Fig. 1.2 shows, a 
\ 

uniform electric field appears in the I-layer, dropping linear-

ly to zero through the depletion regions in the N+ and P+ layer. 
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U (\) .. 
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rllH Distance 
~ 

from semiconductor surface 

FIGURE 1.2. Doped crystal, impurity, charge and field distri­
butions in PIN and PrrN junctions. 

If the high-resistivity .layer were actually a TT layer, 

the situation would be- somewhat different. Figure 1.3 shows 

schematically a practical PIN diode' with ionized impurity pro-

files at zero bias and punch-through. At zero bias a large 

portion, but not necessarily all, of the I region impurities. 

have been ionized and the depletion region, a(o), may be some­

what less than the I layer width, W. As reverse bias voltage 

is applied to this diode, depletion region spreading occurs. 

At this voltage the depletion region width, a(VpT), is appro-
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ximately equal to W. Further spreading of the depletion layer 

into the low resistivity P+ and N+ regions, is for most appli-

cations, negligible. The volta~~ at which the depletion re­

gion just reaches the P+ contact is the punch-though voltage 

or swept-out voltage, VpT . 

W ---1 
P+ 7f N+ 

+ 

I- a(o)-+i 

! - :. -

FIGURE 1.3. Practical PIN with ionized impurity profiles at 
zero bias and punch-through. 

It is important in many microwave applications to 

have the IT region swept-out, lest the current flow by mobile 

carriers in the resistive 7f region constitute an undue source 

of signal loss. Hence, when PIN diodes are used as microwave 

switches and they are biased in the OFF condition, the bias 
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is usually well beyond the swept-ou! voltage. With increasing 

bias, beyond that required to sweep out the TI layer, a thin 

depletion region appears in the P+ layer. The electric field 

rises steeply in the N+ depletion region, decays slowly across 

the TI layer, and drops steeply to zero in the P+ depletion re­

gion. Figur~ i. 2~f;dioW5 a c-omparison of the electric field 

profiles for the cases of an ideal intrinsic layer and a prac­

tial TI layer., The comparison is made assuming equal peak 

values of electric field for two ~ases. The voltage across 

each diode is proportional to the area under the electric 

field profile. As is apparent, the v6ltages,_for the two cases 

illustrated ar~ not the same., 
\ 

In summary, the I-layer of the ideal diode is swept­

out at zero bias or any reverse bias, whereas in a practical 

diode a small bias must be used if the assumption of an ideal 

diode is appropriate if we restrict ourselves to bias voltages 

sufficient to swe~p~out:theI~layer. 

1.3. THE EQUIVALENT NETWORK -' 

The analysis of microwave structure containing PIN 

diodes is done most readily if the diodes are represented by 

lumped-element networks. This is justified by the fact that 

a diode, is ordinarilY small compared with the wavelengths of 

the applied fields. The network shown in Figure 1.4 is a 

rather detailed representation of a ~ypical diode. This re­

presentation is quite genera~, being applicable at low and 
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C . 
J 

C. 
1 

FIGURE 1.4. Equivalent network of PIN diode. 
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high frequencies. and under various bias conditions. For most 

analyses, certain elements of this network can be disregarded 

without serious loss of accuracy. We shall say more about 

simplifying the network shortly. But first it is important 

to identify each element of this generalized network with spe­

cific parts of the diode and to consider how the individual 

resistances and reactances arise. 

The elements LS ' Cp and Cf results from the connec­

tion of leads to the semiconductor wafer and the packaging of 

the wafer. LS is the total series inductance, concentrated 

in the leads; Cp represents the stray capacitance shunted 

across the wafer by the package or encapsulation; Cf ' referred 

to as the fringing capacitance, is the stray capacitance shun-
\ 

ted across the waf~r,from the leads. The .remaining elements 

in Fig . . Y.4 are disposed within the semiconductor wafer itself. 



The depletion region in the wafer exhibits reactance 

and resistance. The capacitance C. arises because of the 
J 

charge storage at the boundaries of the depletion region. 
-

11 

The resistance R. is the reciprocal of the conductance caused 
, J 

by carriers generated within the region. Another contribu-

tion to the capacitance- -0'£- tnis-region is called the diffu-

sion capacitance Cd' It represents charge storage as current 

flows through. the depletion region. That is, under forward 

bias, mobile carriers are injected into the I-layer during 

the forward portion of the rf cycle, and some of these car-
. 

riers are subsequently- extracte'd -during the other half of the 

cycle. This storage of charge is.accounted for by the diffu-

sion capacitance. 

R· and C. represent simply the resistance and capa-
1 1 

citance of the portion of the I-layer exclusive of the swept-

out regions. Rs is the sum.of the.P+ and N+ layers' and any 

resistance associated with the contacts to these layers. 

Table 1.1 lists the values of the elements of Fig. 

1.4 for a typical PIN diode under three different bias condi-

tions and at 1.3 GHz. 

The following sections describe the action of a diode 

under reverse bias and forward bias and demonstrate what hap-

pens in switching from one bias condition to another. 
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Bias 
Diode 

OV SOV 25 rnA 
Element reverse forward 

'" -

C. 
J 

0.8 pF o .17pF » 10pF. 

Cd ijeg~~g~ble > 3pF 
- . 

C. 0.2SpF 00 >0.2SpF 
1 

Cf 0.02pF 0.02pF o .02pF 

Cp 0.3 pF 0.3 pF 0.3 pF 

LS 0.3 nH 0.3 nH 0.3 nH 

RS 0.3 n 0.3 n 0.3 n 

R. >109n >109n <0.1 n 
J 

R· 2.S00n 0.0 0.5 n . 1 

TABLE 1.1. Typical equivalent network values. , 

-1.4 •. BEHAVIOR UNDER REVERSE BIAS 

The simplified equivalent circuit for a PIN wafer 

(idealized profile of Fig. 1.1 with parasitics neglected) 

under sufficient reverse bias to partially sweep-out the I-

layer is simply that of Figure 1.Sa. Since the resistance of 

the depletion layer Rj is orders of magnitude higher than the 

reactance of the depletion layer -l/wC j , we can neglect Rj . 

With an I-layer of reasonably high-resistivity material, the 

resistance of the undeplet~d portion of the I-layer Ri will 

be considerably larger than l/wC.. Although we are not justi-
1 

fied in neglecting the R. entirely, we can transform the cir-
1 . 

, 
cuit into that of Fi~. l.~b without appreciable loss of ac-



1 X· = -
wC· ] 

] 

1 X. = - wC. 1 
1 

1 X.+X. R. ] 1 
] 2 

X. - 1 

r 
1 

R: 
. _. -- -' 

1 

I layer 
(a) partially(b) 

swept out 

X. 
] 
1 

R 
S 

(c) . 

Comp Ie te ly 
swept out 

FIGURE 1.5. Approximate equivalent networks for PIN diodes 
under reverse bias at microwave frequencies. 
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curc~cy . The total reactance X. + X. is essentially that of . J 1 

the capacitance between the N+ andP+ layers and is indepen­

dent of bias. Thus, the PIN diode is virtually a constant-

capacitance device with respect to bias variations. 

If the bias is enough to sweep-out the I-layer, Ri and 

Xi in Fig. 1.5 become zero, and we have simply RS in a series 

with the diode capacitance, as in Fig. l.sc. Since, with care 

in fabrication 7 RS can be made quite small, a PIN diode with 

moderate reverse bias will act as an almost lossless constant 

capacitance in a microwave circuit. 
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1.5. BEHAVIOR UNDER FORWARD BIAS 

At zero bias, the resistance X~/R. in series "with the 
1 1 

diode capacitance (Fig. 1.5b) is relatively large, because 

most of the I-layer 1$ not depleted of mobile carriers. As 

increasing forward bias is applied to the diode, carrier in­

jection into the I-layer becomes significant. Electrons are 

injected into the I-layer from the N+ layer, and holes ~re 

injected from the P+ layer. The carriers diffuse into the 

I-1ayer"because of recombinations,- as shown in Figure 1.6". 

This results in the carrier concentrations in the I-layer be-

coming raised above their equilibrium levels, and the resis-

tivity drops as forward bias is increased. The hole and 

electron concentrations are about equal throughout the I -layer. 

If the carrier life times in the I-layer are relatively long 

and the ~-layer is not too thick, the t layer becomes flooded 

with carriers at reasonable forward-bias levels. When this 

happens, the diode exhibits low resistance and, in fact, ap-

pears as a virtual short circuit across a microwave trans-

mission line. Even if the microwave signal is very large, 

with substantial forward bias the diode impedance remains low 

because of the large amount of charge stored in the I-layer. 

The effect of controlling the carrier density, and 

hence the resistance in t~e I-layer, by varying "the forward 

bias is known as "conductivity modulation". 



,::: P+ I N+ 0 

r~ p fin 
_H I 

H+-I I 

<I)'::: 

~ .,.., <I) 
H U 
H ,::: I 
ttl 0 I 

uu I 

Distance from semiconductor surface 

) 

FIGURE 1.6. Typical carrier distribution in I-layer of PIN 
diode under forward bias. 

1.6. SWITCHING FROM ONE BIAS STATE TO ANOTHER 

Since one of the important uses of a PIN diode is as 

a microwave switch, we need to consider also the behavior of 

the diode during the switching process. First, let us exa-

mine the behavior of a reverse-biased diode when a forward-

15 

bias voltage is suddenly applied. Assuming that I-layer was 

entirely depleted of mobile carriers, the depletion region 

collapses almost instantly. The inje~tion of carriers begins 

immediately, although some finite interval is _required before 

the I-layer can fill up with carriers to its equilibrium value. 

During this charge-storage interval, the distribution of car­

riers in the I-layer is quite uniform, since the transit time 

for ~arriersin the I-layer is ordinarily short compared with 

the time required to reach-equilibrium, and the carrier life-

time is long compared with the transit time. 
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One might expect that the diode" impedance during turn-

on (forward to reverse bias) would retrace the turn-on curve 

of impedance vs time. This is not the case, however, because 

the distribution of carriers in the I-layer is different for 

two cases." When a reverse voltage is applied to the diode, 

the e1ectroncs leave the I region as a-wall "of carriers hea:... 

ding back to the N+ side. The holes are similarly moving 

back toward the P+ side with a widening depleted I region. 

The depletion region form at the boundaries of the I-layer, 

as shown in Figure 1.7. 

t p 
'" n 
c 

"!? 

.1 
c 
3 
~ 

0 
___ n 

u 
--p 

Distance from semiconductor surface-

FIGURE 1.7. Sweeping out of I-layer and widening of space­
charge regions after switching from forward to 
reverse bias. 

The forward biased transient of a PIN diode is resis-

tive (3), the RF admittance going across the middle of the 

Smith Chart as shown by curve A in Figure 1.8. The revers~ 

biased transient is quite different. Thus, rapdi1y gOlng 

from the forward ctonduction to the reverse bias state, the 

PIN diode behaves like a capacitor "gqing from C=oo to C=CM1N 

and gives the admittance shown as curve B in Fig. 1.8. Figure 



( 

ADMITTANCE • 

FIGURE 1.8. Diode admittance for turn-on (A) and turn-off 
(B) transients. 
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1.9 illustrates the change in impedance with time after re­

versing the applied bias in order to turn the diode on and 

off. The switching speed with which charge is removed from 

the diode during turn-off depends on the rise time and amp li-

tude of the switching-voltage pulse applied -to the diode .. 

t ~ 
cd 

Q)rO 
rOQ) 
00.. 
.~ S 
~H 

Turn-off 
- - - - - -::.;-=-=--=-,-",,--~~~ 

o 
Time after' revers ing bias 

FIGURE·1.9. Switching transients for PIN diodes. 
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1.7. CALCULATIONS OF DIODE IMPEDANCE 

We shall use very simple models to calculate the im­

/pedance of a PIN diode under foY·ward and reverse bias. First, 

let us consider reverse bias. We shall assume the impurity 

profile of Lhe diode to be that of the abrupt junction shown 

in Fig. 1.1. As will be seen, this model does not give acc~-

rate values of the reverse-bias series resistance for most 

diodes. However, besides keeping the mathematics simple, it 

does demostrate two Jimportant features of diode behavio!: 

(1) the decrease of series resistance with increasing bias 

voltage and (2) the invariance of diode capacitance with bias 

voltage. We assume that the I-layer consists of n-type ma-

teria1 and that the P+ and N+ layers are very heavily doped. 

The analysis i)s similar to that for the abrupt junction. Be-

cause of our assumption about doping, the depletion region 

in the N+ layer will be so thin that we can neglect it and 

assume that the entire sum of the applied and built-in vol­

tages appears across the depletion reg.ion in the I-layer. 

We start with Poisson's equation 

dE d 2 tjJ 
0 dx = 

dx 2 
x < x· amd x > x· + a 

J J 
(1.1) 

dE = - d 2 tjJ = ~N 
dx dx 2 E a x· < x < x· + a 

J J 
(1.2) 

where 

tjJ - potential, V 
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E - permitivity, (E = E E ), farad cm- 1 

o r 

q - charge of the electron, -coulombs 

E - electric field, volts cm-
1 

Na - number of accepiors-per cm 3 

a the thickness of depletion region in the I-layer, 

cm 

x - distance from N-type surface, cm 

x· - distance of junction from N-type surface, cm 
J 

Integrating Eq (1.1) and applying the boundary condition that 

the electric field E vanishes at x=x.+a and -is zero outside 
- J 

the depletion region gives us 

E = q N (x.+a-x) 
E a J 

le. < X < x· + a 
J J 

.(1.3) 

.We integrate the' electric field over the depletion region and 

equate the integral to the algebraic difference between the 

applied voltage V (negative for reverse bias) and the built-

in voltage 

x.+a 
J 

- V + $ = f E dx 
x. 

J 

(1. 4) 

We can solve this relation for the thickness of the depletion 

re gion, 

a = 
~ 

[~ (-V + $)] qNa 

~ 
- [2 q l p P ( - V + $)] (1. 5) 

where the I-layer resistivity p = l/~p qN a , ~p being the hole 

mobility. 
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We can calculate the values of C.) C., X., Xl· and R. 
J 1 J 1 

in Fig. 1. 5. 

C. = EA 
C. EA R. P (W-a) - = = 

J a 1 W-a 1 A (1.6) 

where W is the thickness of . the I-layer. 

Since Rj is very large in comparison with Xj , we can 

approximate the total impedance of the I-layer by 

Z = R + jX ~ j (X. + 
J 

X.R. 
1 1 ) 

R.+jX. 
1 1 

(1. 7) 

substituting the expressions for C., C. and R. from Eq. (1.6) 
" J 1 1 

gives s~ries resistance and reactance of the I-layer: 

R = peW-a) and X = 

(1.8) 

If PWE » 1, we can approximate the resistance and reactance 

as 

k 

R 
W - [2qlP(-V+CP)] 2 

0 > V cP 
W2 

:;: > - 2qlp PW 2E2A 

0 ·V < cP 
W2 

R - 2q.lp 

X 
- W :::: 

wEA (1.9) 

where we.have substituted for a the expression 'given in Eq. 



(l.S). We h~ve shown that if the operating frequency and 

the I-layer resistivity are high, the capacitance of the 1-

layer is independent of the bias yo1~age and is equal to that 

of a parallel-plate-capacitor of separation W and plat~ area 

A. These conditions are well satisfied for PIN diode used 

at microwave freq~encies. We have shown also that the resis-

tance of the I-layer decreases with increasing bias voltage 

V, as well as with increasing operating frequency and I-layer 

resistivity and permitivity. 

Now the steady-state microwave impedance of a PIN 

diode with high carrier injection levels in the I region re-· 

suIting from a dc forward bias is calculated. It is assumed 

that the major portion of- this impedance is the resistance of 

I-layer; thus, the resistance of the contacts or of the hea-

vi1y doped P+ and N+ regions and junction impedance which 

have been negligible effect at microwave frequencies, or 

parasiticsof the encapsulation shall not be considered. The 

I-layer resistance for dc injection is calculated here in ele-

mentary fashion using the stored charge method; in Appendix 

B, a more exact expression is obtained by solving the diffu­

sion equation to determine carrier distribution in the I-layer. 

Let us consider again the abrupt-junction model of 

Fig. 1.1. Under forward bias, the injection into the I-layer 

of holes from P+ layer and electrons from the N+ layer will 

take place. Let us assume that the I-layer doping is suffi­

ciently light that the carrier concentrations without injec-



tion are negligible in comparison wit~ the injected carrier 

concentrations and that all carrier recombination takes 
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place within the I-layer. With highly doped P+ and N+ layers, 

the injection of holes into the N+ layer and of electrons into 

.the_P:,: _laye.T wil~ be negligible. In the steady state, the!!_! __ 

the dc bias current will be exactly the current needed to re­

place -the carriers lost by recombination. We shall also as­

sume that the I~layer thickness is small compared with the 

diffusion legnths for holes and electrons in the I-layer. 

This implies that the hole and electron concentrations may be 

assumed uniform throughout the I-layer. The current crossing 

the boundary between the P+ and I-~ayers will be entirely hole 

current and will be equal to the total hole charge Qp in the 

I~layer divided by the hole lifetime T • 
P 

= qpAW 
T p-

(1.10) 

where A and Ware the area and thickness of the I-layer, re-

specti ve ly . Similarly, at the other I-layer boundary, I . o 

will be entirely electron current: 

= 
qnAW 

T n 
(1.11) 

where T is the electron lifetime in the I-layer. It is also 
n 

reasonable to assume that there will be no unneutralized 

charge in the I-layer. Therefore, p=n; and as a further con-
. \ 

sequence, T =T . The uniformity of carrier concentratlons p n 

means that the resistivity PI of the layer will also be'uni-



form. 

1 (1.12) 
2q-Jl n 

assuming_the mobility of Iboth carrier types are_equ~l _tq:!h~ 

-ambipolar mobility, Jl = 2Jl Jl j(Jl +Jl ). p n p n 

The resistance of the I-layer then will be, 

(1.13)-

~ 

Combining Eqs. (1.11), (1.·12) and (1.13), we obtain as the 

final result, 

W2 1 
RI = ~ • lOT (1.14) 

This expression 1S applied frequently. We note from it that 

RI is theoretically independent of I region area, being pro­

portional to the square -of I region width and varying inver-
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sely with mobility, lifetime, and bias current. However, tare-

must be taken in the application of Eq. (1.14) to practical 

solutions. In particular, the following generalizations 

should be qualified: 

1. Holding all process steps the same except for 

varying A produces a selection of diodes with 

different capacitances but the same RI for a given 

bias current. This situation is true only if T 
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remains constant; but generally, T decreases with 

a decrease in A, since I region carriers are then 

nearer to the periphe-ry, where recombination can 

. occur more rapidly. 

-2-:-'Ri-decreases as (1/1
0
),' Again, this statein-ent 

holds true only so long as T remains ~onstant. 

However, as 10 increases, the carrier density in­

creases, and the recombinati~n probability increa­

ses, decreasing T. Furthermore, a saturation is 

reached when p and n increase sufficiently that 

substantial injection (holes into the N+ region 

and electrons into the P+ region) become signifi­

cant, in violation of the above assumption used 

to derive Eq. (1.14). 

Despite these limitations Eq. (1.14) is very us~ful 

and is typically invoked to estimate I region resistance at 

microwave frequencies. 

1.8. EFFECTS OF DIODE fttATERIALS AND DESIGN ON CHARACTERISTICS 

In this section we ~hall consider the design trade­

offs a~d compromises which must be made in achieving a set of 

characteristics for a practical PIN diode. The design vari­

ables are the thicknesses of the layers, the diode area, the 

resistivity or dopping concen~rations of the layers, and the I 

minority-carrier lifetime of the I-layer. In using the diode 
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as a switch, for example, the characteristics we want to con-

trol are the series resistance R and capacitance C under re­
s 

verse bias, the forward bias seri~s resistance Rf and the 

swi tching spe-ed. 

Table 1.2 shows in which direction it is desi~able to 

shift the design variables in order to achieve the characteris­

tics needed for' a good switch. Notice that one wants to have 

as high an I-layer resistivity as possible and as low resis­

tivities as possible for the P+ and N+ layers. Also, the P+ 

and N+ layers should be as thin as possible. Achieving these 

objects is entirely as the matter ot the technological limits. 

On the other hand, there are conflicting requirements on the 

diode area, the I-layer thickness, and the minority carrier 

lifetime. For the two of these, one must compromise between 

achieving low series and low capacitance. For the lifetime, 

one must compromise between 'low forward resistance and rapid 

switching. The lifetime is, at best, usually rather difficult 

to control, so that lifetime is a design variable in a limited 

sense only. 

Design Variable Low Rs Low C Low Rf 
Fast 

Switching 

Area Large Small Large Small 

I-layer thickness Thin Thick Thin Thin· 

P+ and N+ layer thickness Thin· · .. Thin Thin 

Li fetime . . . · .. Long Short 

I -layer Resistivity High High 

P+ and N+ layer reS1S-
\ 

tivity Low. · .. Low Low 

TABLE 1. 2. Design variables to achieve the characteristics . 
needed for a good swi tch. ... \(\Um~ERS\16\ \\UPJ2';'~S:C, 
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CHAPTER 2 

BASIC CONCEPTS 

2.1. INTRODUCTION 

The switch is the simple device that serves as the 

basic building block for these other control devices. A diode 

variable attenuator is a switch that goes continuously and 

smoothly from its low loss, "on" state to its high loss, "off" 

state. A limiter is a switch that is normally "on" at low 

level incedent power and turns itself "off" at high level in­

cedent power by rectifying its own "off" biasing current. In 

other words, a limiter is a self-activating swit~h having the 

proper switching polarity and activated by high-level inci­

dent power. Thus a conceptual derivation that begins with the 

diode switch will provide a good foundation for understanding 

the other devices. 

A light switch is closed to ideal. A knife switch is' 

even closer to ideal. When the knife switch is closed, the 

high pressure over the large contact area provides a very low 

resistance, for all practical purposes zero ohms. When the 

knife switch is open, the resistance is extremely high, prac­

tically infinite. The switch is usually placed in series be­

tween a voltage source and light bulb so that when it is open 
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no current flows, etc. The house current or battery normally 

used provides a cons~ant voltage, i.e., the source has a very 

low output impedance, much lower than the resistance of the 

load (light bulb) . 

A switch in a transmission, line is different from a 

light switch in that the voltage source is replaced by a ge­

nerator having an output impedance equal to that of the load. 

In order to operate efficiently the source and load impedances 

are equal to the transmission line impedance. Microwave 

. transmission lines are usually coacial, stripline, or wave-

¥uide, all of which may be represented by the parallel line 

Letcher model. Note that in a transmission line the alterna-

tive scheme of having the switch in shunt with the load be­

comes a possibility. In Figure 2.1, the first Zo(Y o) is the 

generator output impedance and the second Zo(Yo)' designated 

by L, is the matched load terminating the transmission line. 

A useful concept in transmission lines is traveling 

waves. A well matched transmission line has only a forward 

traveling wave, going fro~ generator to matched load. This 

is called incident power and denoted by Pi. When the wave 

hits a discontinuity some power is absorbed in the discon­

tinuity, denoted by Pa , some is reflected by the discontiriuity, 

denoted by Pr , and some is tiansmitted past it, denoted by Pt. 

When discussing diode switching it is necessary to 

define certain terms. RF power incident on an ideal attenua-
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1 
/ 

E SW ~ -1 
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0 

Yo 

FIGURE 2.1. Basic switch operation. 

ting device is either absorbed in or transmitted past the 

device, with no power reflected. The attenuation a of the 

device is defined as the ratio in decibels of the incident 

power to the transmitted power. If the attenuation of the 

device can be changed from some low value to some high value 
\ , 

the device is called a switch. Th~ insertion loss 8 is de-

fined as the minimum attenuation, and the isolation n is de-

fined as the maximum attenuation. 

When a diode is inserted in series or in shunt in a 

transmission line, EF power incident on the diode is reflec-

ted by, absorbed in, or transmitted past the diode. A diode 

is different from an attenuating device in that most of the 

incident RF power not transmitted is r~flected rather than 



29 

. absorbed. In fact, in an ideal dio~e switch, the incident 

power is either completely reflected·or completely transmitted. 

2.2. IN-LINE SWITCHES 

To obtain attenuation by use of a single diode element 

in a TEM wave transmission line, the diode is mounted ~ither 

in series with the center conductor or in shunt across the 

center and outer conductors. The RF power transmitted past 

the diode is, in all cases, the power delivered to the mat~ 

ched load. For the purpose of deriving the attenuation re­

sulting from diode impedance and admittance, the diode is vi-

sualized as a two-terminal device whose RF impedance can be 

varied by changing the applied voltage. The equivalent cir­

cuits. are shown in Figure 2.2. If the diode is considered 

to be of zero thickness and in bilate~ally matched transmis-

sion line, then the equivalent circuits are valid for most 

applications. 

I E 

L· Z o 

L 

FIGURE 2.2. The equivaleht ciTcuits of a diode impedance Z 
in series and admittance Y in shunt in a trans-
mission line. 
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In the equivalent circuit of~a series-connected diode 

(Fig. 2.2), V is the peak amplitude of the sinusoidal voltage 

source which is assumed to have an output impedance Zo; Z 

represents the diode, and L(=Z ) is the matched load behind o 

it. I is the peak amplitude of the resulting sinusoidal cur-

rent. The power PL in L is given by 

PL = .!.. I I* Z 2 0 

Using the series circuit first, 

I = 

If Z = R + jX then 

V 
2Z +Z o 

(2 .1) 

(2.2) 

in which PL is the power absorbed by L. The attenuation, a. 

of a diode inserted in a transmission line is defined as the 

ratio in decibels of power incident to the di~de, Pi' to 

power transmitted past the diode Pt(Pt=PL). 

a. = 10 £og 
p. 

1 
(2.4) 

The power p. incident on the diode is the power in the for-
. 1 

ward traveling wave going toward L. This is attained in the 

series equivalent circuit by setting Z. e~ual to zero. So 



using Eq. (2.3) 

p. 
1 for Z = 0 (2.5) 

(2 .6) 

Normally the diode impedance will not be zero ohms, but some 
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finite value,' and will cause the power transmitted past it to 

be some reduced value Pt=PL for Z=Z. 

- -

Using Eqs (2.3, 2.4 and 2.6) and the resulting atte-

nuation is 

a = 10 Q,og 
p. 

1 = 10 Q,og (2.7) 

4 

For a diode in shunt having an admittance Y=G+jB, the deriva-

tion of attenuation is the same as ab~ve with the substitu-

tion of Y for Z, I for V, etc. Thus, 

PL = !.V V* Yo 2 (2.8) 

and 

(2 .9) 

(~ + 1) 2 + (~) 2 

Yo Y 
10 Q,og 0 

a = 
4 

The same equations may be derived using matrices (Appendix C) . 

Given a matrix of the form 



[: :] (2.10) 

a series impedance in a transmission line is represented by 

[~ . :J --, 

(2.11a) 

a shun t adrni tt'ance, by 

(2.l1b) 

and the equation for attenuation in a transmisstion line is 

1 B 2 a = 10 ~og -4 [A + -- + Z C + DJ ZO 0 

substituing Eq. 2.11 into Eq. 2.12 gives 

a = 1 \2 ~\2 10 ~og '4 + Zo 

which reduces to Eq. (2.7), etc. 

(2.12) 

(2.13) 
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Eq. (2.7 and 2.9) give circular arcs of equi-attenuation cur­

ves on a rectangular grid polt of normalized impedance or ad·-

mittance. 

Circle centers are at -2 + jo and radii are 2 x 10a/2~ 
\ 

The equi-attenuation curves are also circles on \the Smith 

Chart as shown in Figure 2.3. 
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FIGURE 2.3. Transmission loss and phase from normalized 
diode impedance. or admittance. 

Plotting the. impedance or admittance of a diode at 

the frequency of interest normalized to transmission line im-

pedance on Figure 2.3 indicates directly the switchirig pr~~ 

perties to be expected from the diode. 

The phase shift of a network represented by an ABCD 

matrix (ref. Appendix·C) is given by (4) 

- 1 G (A+B/Z + CZ + D) ] m 0 0 
<P tan (2.14) 

R (A+B/Z + CZ + D) e 0 0 

Substituting Eq (2.11) into Eq. (2.14) the phase shift from 



an impedance ln series in a transmission line given by 

- 1 
<p = tan (2.15) 
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' .. -The-s·e, are -shown as equi -phase arcs on the Smith. Chart of­

Fig. 2.3. The utility of these curves may be demonstrated by 

viewing the normalized impedance and admittance of a typical 

PIN diode. 

Consider an HP 5082-3001 PIN junction diode measured 

at lGHz and normalized to 50 ohm transmission line characte-

ristic impedance superimposed on the attenuation Smith Chart 

as shown in Figure 2.4. Note that for this diode L = 3.7nH s 

Rs = 2Q Cp + Cj = 0.2pF. As illustrated in Fig. 2.4 and 

2.5 placing this diode in series in a 50 ohm transmission 

line would provide ~ 1/2- dB insertion loss (0) and 18 dB 

isolation (n). Shunting a 50 ohm transmission line it would 

provide 0.12 dB insertion loss and 4 dB isolation. 

Note that this diode functions are better in series 

than in shunt. The required impedance range of a diode giving 

1 dB to 20 dB switching is calculated by using Eq. (2.13). 

Z 2 

ex = 10 Q,og I 1 + 
2Zo I (2.16) 

which can be approximated by 

I Z I 
ex '" 20 Q,og ( 1 + ) (2.17) 

2Zo 
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- -- - • - -..., --- j 

FIGURE 2.4. Attenuation of HP 3001 PIN diode at 1GHz in 
series (Z o/Zo) ·and shunt (Y olY 0) in a Zo = 50 
ohms transmission line. 

and provide 

I Z I 
= 9 for 20 dB 

or approximately, 

I Z I 
= 20 (2.18) 

Similarly for a shunt diode 
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!YI 
:::: 20 :::: (2.19) 

I z I _. _. - . = 0.05 (2.20) 
Zo 

For the low loss state (1 dB) 

I z I 
= .13 . 

2Z 
0 

! Z! 
~ .25 for series (2.21) 

Zo 

and 

! Z! 
:::: 4 for shunt· (2.22) 

Zo 

20 

p:::) Series 
rc:l 

~ 10 
0 

'M 
fJ 
cd 
;::l 
~ 
<I) 

Shunt 
+-l 
+-l 
<t:; 

0 
.001 .01 .1 1 10 

I -rnA 

FIGURE 2.5. Attenuation as a function of current of PIN. 
Diode switch of Figure 2.4. 



Therefore if the diode normalized impedance ~aries 

between .25 and 20 the series configuration is favored and· 

if it varies between .05 and 4 t-he shunt configuration is 

favored. Figure 2.6 illustrates this point. 

Using Eqs. (2.8) and (2.9) 
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20 ~og (ri- + 1) for R (2.23) c£ = 
Zo 

curves 
0 

and 

X 2 X 
CI. = 10 ~og [1 + (zr) ] for 

Zo 
curves, etc. (2.24) 

0 

40 

30 Reflection - e? 
R!Z sei:}. 

0 

20 

~ 
'lj 

10 

~ 
0 

OM 0 
.J-l .01 .1 1 10 100 CIl 
;j R/Z or ~ 0 (]) 

1.0 .J-l 
.J-l 
<t: 

0.1 

0.01 
.01 0.1 1 

FIGURE 2.6 .. A~tenuation as a function of normalized diode 
impedance or admittance. Insertion loss is 

. shown expanded on a log scale. 
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2.3. DIODE MODES 

Due to reactive elements in the diode equivalent cir­

cuit shown in Figure 2.7 the d~ode impedance goes through 

various reson<i:nc~~ __ ~s,fr.equ~ncy is changed. These resonances 

when controlled can provide useful switching at higher fre­

quencies (5) . 

SW 

c. 
] R . 

s 

FIGURE 2.7. Diode equivalent circuit. 

2.3.1. SERIES DIODE 

As a function of frequency, the computed attenuation 

of a series diode in a 50 ohm transmission line is shown in 

Figure 2.8. The equivalent circuit parameters are Cp =0.2pf, 

L =5nH, C.=0.2pf, and Rs = 5 ohms. It is assumed that these 
s ] 

parameters do not change drastically with frequency. From 

Fig: 2.8 it is seen that high isolation is available at three 

frequencies, which are labeled Mode 1, 2 and 3. Mode 1 is 

the baseband mode; Mode 2 is the resonant diode mode; and 
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FIGURE 2.8. Attenuation of series diode switching modes. 

Mode 3, the higher order diode resonance mode. Referring to 

Figure 2.9, the high isolation of Mode 1 is due to the high 
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series reactance of the reverse bias diode capacitance at low 

frequencies which impedes the flow of current in the- load L. 

The - low. insertion loss of Mode 1 is attributed to the low 

series impedance of Rs and Ls at low frequencies. As fre­

quency is increased, the parallel resonance between Ls and Cp 

is encountered at forward bias which presents a high series 

impedance again impeding the flow-of current to Land provi-
\ 

ding the isolation peak labeled Mode 2. Mode 3 is caused by 

the reverse bias parallel resonance Cp and Ls in combination 

wi th C .. 
J 

1. Mode 1: Expanded curves 
I 

for Mode 1 are shown in 

Figure 2.10. Here it is -assumed for the C +C.- curves that the p J 

diode is at reverse bias and Rs := Ls := o . For the Ls curves 
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Zo 

G.- RS 
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Cp 
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C -ofC'". L- C -. Rs 

P J s ) L' RS 

FIGURE 2.9. Diode element producing the switching modes. 

it is assumed that the diode-is at forward bias and C =0 and 
p 

Rs=S ohms. One sees that the combination of C +C. =0.2pF 
P J 

and Ls = SnH allows for 10 dB or greater switching up to 2 GC. 

It is also seen how with a given C +C. the isolation increases p J 

with decreasing frequency. 

With Mode 1 operation, the insertion loss becomes un-
, 

desirably 1arg~ at higher frequencies due to Ls; at 2GC, SnH 

already results in 2 dB insertion loss. For the "C +C." curves 
P J 

it ~s assumed that the diode is at reverse bias and that 

Rs Ls o . For the "L " curves it is assumed that C =0 and = = s P 

Rs = 5 ohms. These same curves describe the bandwidth of the 

isolation and insertion loss of the diode operating In the 
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FIGURE 2.10. Detailed presentation of Mode 1 operation. 

other series modes. 
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2. Mode 2: Mode 2 will normally exist for most diodes, 

but the maximum isolation and minimum insertion loss may not 

occur at the same frequency .. By picking Cp=C., these resonan­
r 'J 

ces are made to occur at the same frequency so that Mode 2 

has a low insertion loss. 

3. Mode 3: As frequency is in-creased further on the 

reverse biased diode the series Ls-C J combination becomes in­

ductive and soon parallel resonates with C giving the high p 

isolation peak labeled Mode 3; The forward biased diode is 

capacitive above Mode 2 which by itself does not present a 

low insertion loss for Mode 3, but, with the addition of a 

series inductance LT, could be made to provide low insertion 

loss, see Fig. 2.9. LT may be ~ealized by including a short 

section of high impedance transmission line adjacent to the 
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diode. 

Note that the ~igh isolation and low insertion loss 

occur at the same frequency in Fig. 2.8 for Mode 2 because 

Cp and Cj are equal. At the forward bias L parallel reso-" _ '_ _' _, _ ' ,_ s" ,_ _ 

nates with Cp and at reverse bias it series resonates with 

Cj ' therefore when Cpo=C j these occur at the same frequency. 

Note also that ,the center frequency of Mode 3 is 12 times the 

frequency of Mode 2. 

In Fig. 2.9 the terms C', R' and L' are simply deri-

ved and are given by 

C.I' = (2.25) 

R' = (2.26) 

1 (2.27) 

To find the frequency of Mode 3 set, 

W L' = 3 
(2.28) 

in which w3is the angular frequency of Mode 3. Recalling 

the expression can be obtained 
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(2.29) . 

2.3.2. SHUNT DIODE 

Figure 2 .11 shows the computed a ttenu·a ifon of a shunt 

diode in a 50 ohm transmission line as a function of frequency. 

The diode equiyalent circuit parameters are the same as those 

for the series diode of Fig. 2.8. At forward bias, high iso-

lation occurs only at low frequencies. At reverse bias, high 

isolation occurs orily at the frequency corresponding to the 

series resonance between Ls and Cj .. 

15 
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FIGURE 2.11. Attenuation of shunt diode"s modes. 
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A very efficient switch can be made using a varactor 

as a shunt diode. If it is assumed that the varactor capaci­

tance Cj can increase to O.~ pF before conduction starts, then 

the resonant shunt mode will appear as shown by a dashed 

curve in Figure 2.11. 

2.3.3. BANDWIDTH 

1. Isolation 

i 

The isolation of a series diode switch results from 

the high reactive impedance of the diode. In aSO ohm trans-

mission line, when R/Z « 1 and X/Z > 6, the isolation 
0 o -

given by Eq. (2.7) reduces to 

IXI 
11 ::: 20 Q,og (2.30) 

100 

with an error of less than 5 per cent. This relation is 

valid for isolation greater than 10 dB and frequencies slightly 

away from any resonances. Thus, for a specified isolation, 

the required series reactance is 

Ixi = 100 x 10
11

/
20 

(2.31) 

if X is due toa parallel combination of Land C, the suscep-

tance of the p~ir is 

s.)lving for f: 

1 = 2nf C -X 
1 

2nfL 
(2.32) 



f = 1 +~ 
4nCX 2n 

(2.33) 
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Given a value of X, the isolatio~will increase as the parallel 

resonant frequency is approached and then decrease to the 

-~s-ame-isolation as -X is approached. The bandwidth is- the dif­

ference between the frequencies that correspond to X and -X. 

Over the bandwidth, the isolation is maximum at parallel re-

sonance and minimum at the extremes which correspond to X and 

-X. Substituting -X for X in Eq. (2.33) and then subtracting 

from the same, the bandwidth is obtained: 

~f = f(X) - fe-X) = 1 (2.34) 
2ncIxi 

Note that L does not appear in the equation and that the_iso­

lation bandwidth is a function of specified isolation and_C 

(and Z ) only. o 

For Mode 1, L assumed to be infinite. The isolation 

results from a capacitor alone in series in the transmission 

line. - Thus -Fig. 2.10 shows not only an extended p lot of Mode 

1 operation, but also shows the plot of isolation bandwidth, 

Eq. (2.34). 

The resonance causing Mode 2 isolation is between Cp 

d L (F ' 2 9) In this· case Cp rather than C +C. deter-an s 19. . . P J 

mines the bandwidth. If C =C., Mode 2 bandwidth is twice that 
p J ! . 

of Mode 1 (Fig. 2.8). 
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,. 

Mode 3 is the results of a series-parallel antireso-

nance of C p' L and C. , which occurs at 12 times the center s J 
frequency of Mode 2 when C =C., p J a.nd has the same bandwidth 

as Mode 1. 

- * .- " •• '" • --

The -bandwidth of a diode switch shunting the trans-

mission line is similar in derivation to that of the series 

diode. The isolation results from the low impedance of a 

series resonance between an L and a C. Isolations above 10 dB 

in a 50 ohm transmission, line are given approximately by 

where X is the shunting reactance. 

Solving for Ixi 

Ixl = 25 x 10-n/
20 

The reactance of the shunting series LC is 

solving for f," 

f = X 

4rrL 

x = 2rrfL -

+ 
1 

2rr 

1 

2rrfC 

\ 
substituting -x for X as before, and subtracting: 

(2. 3S) 

(2.37) 

(2.38 Y 



f1f = f(X) - fe-X) = 
Ixi 
2nL 

= ~ x 10~n/20 
2nL 

(2.39) 
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It is seen here that the bandwidth is dependent only on Land 

n (and Zo)' 

• __ -- _". _ -~ " • .oJ< -. 

2. Insertion Loss 

The insertion loss of a series diode switch results 

either from the low impedance of Rs and Ls for Mode 1, or a 

series resonance between Cj and Ls for Mode 2. 

1 Z = Rs + j( 2nfLs - ) = Rs + jX 
2nfC . 

. J 

(2.40) 

From Section 2.2, the insertion loss in a SO ohm transmission 

line is given by the relation 

solving for X: 

R . 2 ° = 10 Q.og [(1 + _s_) 
100 

1 
R 2? 

= 100 [10°/10 _ (1 + _s) ] 
100 

IXI 

Solving for the bandwidth as before: 

Ixi R 2 
SO [10°/10 (1 _s) ] f1f = = - + 

2nLs nLs 100 

(2.41) . 

(2.42) 

!z 

(2.43) 

The insertion loss bandwidth is not a function of C. and fus 
J 

also plotted in Fig. 2.10. 
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The insertion loss of a shunting diode in the fre­

quency range of interest (Fig. 2.11) is less than some maximum 

value 0 from zero toa maximum frequency fmax at_reverse 

bias; at forward bia:s it is below 0 for frequencies above a 

minimum freque~C;L fmtn .. The insertion loss of a shunting 

diode comes from low susceptance and negligible conductance. 

FromEq. (2.9): 

0= 10 Jl.og [1 + (~)2] 
2Yo 

Jl.og(l+X) = 0.435X for X < 0.1. So. 

B o ~ 4.35 (lY) 
o 

Solving for B in a 50 ohm transmission line: 

B = 

At reverse bias: 

B = 21TfC , and 

18 
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fmax = liS 
327C 

(2.44) 

(2.45) 

(2.46) 

(2.47) 

The insertion l~ss is less than 0 up to fmax. At forward 

bias :_ 

B = 1 
(2.48) 

and 

= (2.49) frnin == 
1 

( 
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The insertion loss is less than 0 above fmin. 

2.4. REFLECTION SWITCHES 

The possible circuits for making switches discussed 

thus far have included mounting the diode in series or shun­

ting the transmission line and operating in Mode 1 or Mode 2. 

Mode 3 has never been used practically. Another basic method 

of making switches is to use the absorbing properties of the 

diode at intermediate bias. For example, a diode biased to 

50 ohms and terminating a-50 ohm transmission line would ab-

s orb all power incident upon it. When this diode is connected 

to a circlliator of when two of them are connected to a 90 0 

3 dB coupler as shown in Figure 2.12 the combination becomes 

an absorption diode switch. Power entering Port 1 of the cir-

culator is directed to Port 2 by circulator action. When the 

impedance connected to Port 2 is a perfect match then no 

power is reflected to re-enter Port 2 and emerge from Port 3. 

The result is high isolation from Port 1 to Port 3. When the 

termination on Port 2 has a high VSWR, as an impedance does 

which is near the outside edge of the Smith Chart, then most 

power emerging from Port 2 of the circulator is reflected by 

the impedance on Port 2 only to re-enter the circulator at 

Port 2 and be directed to Port 3 having a low insertion loss 

from Ports 1 to 3. That power which is reflected from the 

termination on rort 2 emerges from Port 3. It can be seen 

from Fig. 2.4 that a blas of 0.2 rnA on the HP 3001 PIN clioue 

wj 11 produce a high attenuatioIl \'Jh\:~n the diodel:~ "\"'. ' . .'i t·~d 
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FIGURE 2.12. Absorption diode switches. 

to Port 2 of a circulator and a low insertion loss at 0 rnA or 

100 rnA bias. The VSWR (S) at 0.2 rnA is 1.2. This produces 

a voltage reflection coefficient given by 

\ r 1 
S-l = S+l 

• 2 
= = 2.2 .0909 (2.50) 

The power reflection coefficient is given by 

0.008263 (2.51) 

The attenuation is given by 

p. p. 
1 1 10 9.og 1 10 9.og a. = 10 9.og = = --

Pt Pr Ir\2 

= 20.8 dB (2.52) 

I 

In general when Z or Y terminate a transmission line having 

'characteristic impedance Zo or admittance Yo the voltage re-



flection 

a. = 

coefficient is given by (6) 

Z -Z Yo-YT r = T 0 
= 

ZT+Zo '1.0 +YT 

r = 
(R-Z o) + jX 

--- -.(R+Z) _ + .. j X o 

. [(R+Z o) 2 
= 10 ~og 

. (R - Z ) 2 
o 

+ X2l 
+ X2] 

(2.53) 

(2.54) 

(2.55) 
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when R :::: Zo and X ::: 0 very high attenuation is possible. As­

suming XT is very small, Fig .. 2.6 shows how R/Zo contributes 

to attenuation for a reflection type diode switch. Note that 

when a PIN diode is used to absorb the power then all of the 

inciden t power is absorbed by the diode. The maximum average 

power a PIN diode can absorb is usually in the 1 watt to 10 

watt range, thus incident power levels must be below this 

limit. Power handling capability may be increase~\by putting 

a power absorbing resistance in series or shunt with the 

switching diode. 

Also shown in Figure 2.12 is a 90 0 3-dB hybrid with 
::- -. 

two identical impedances connected to it. These 'couplers have 

the property that power into Port 1 is split equally between 

Ports 2 and 3 with none emerging from Port 4. When perfect 

identical reflectors are attached to Ports 2 and 3, the· power 

reflected by them recombines in the coupler in such a manner 

that their phase~ add at Port· 4 and cancel at Port 1. Thus 

power perfected by the impedances emerges from Port 4 just 

as it emerged from Port 3 of the circulator. This form of 



matched switches has advantages in t~at, 

(1) it is reciprocal (th~ circulator gives no vari­

able attenuation for the wave trave1in~ Port 3 

to Port 1), 

( 2) these hybrid junctions can be made over extreme 

bandwidth (10 to 1) , 

(3) they are less expensive and smaller volume and 

weight than circulator, 

(4) the power is divided between two diodes, in­

creasing power capability by a factor two. 

Their disadvantage is that they require twice as 

many diodes as the circulator type. 
l-

2.5. POWER LIMITATIONS 

" Different factors limit the incident peak power Pi 

and incident average power p. that a diode can control. The 
, :L 

" 

S2 

Pi is determined by the diode breakdown voltage VBR , the cha-

racteristic impedance of the transmission line in which it 

is mounted Z , and circuit used for, switching (whether the 
o 

diode is series mounted or shunt mounted for the most prac-

tical circuits). The average power is determined by the for-

ward biased series resistance RS ' the average power the 'diode 

can dissipate Po' the Zo and the circuit, when the diode is 

" required to control c.w. power (Pi:::!>i), then the maximum li-
I 

mit P is not determined by Z and the circuit but only by cw 0 ' 

V
BR

, R
S

' and Po· (The circuit a'nd Zo for Pcw are determined 
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2.5.1. PEAK POWER 

To maintain isolation with --a 'series -diode it is impor-

tant that no conduction current flow during the RF cycle. 

The RF voltage thus must be positioned between 0 volts and 

the breakdown voltage VBR as shown in Figure 2.13. When the 

diode is providing high isolation all of the generator voltage 

across the high impedance of C., which· is the reverse biased 
J 

diode. When a diode is biased to VBR/2, as shown in Fig. 2. 

13, the magnitude of the generator voltage may be as large as 

MAXIMUM PEAK POWER 

VBR 

MAXIMUM AVERAGE POWER 

Flr.!JRE 2.13. 

Z R 
o s 

V [: ~=I3Jzo 
Voltage-current characteristic of a dl('Jc and 
serie.::- equivalent circuits fer J( t,'r,;iliI!~ md.\l­
mum peak ~l!lJ :1veragc p')v:er tlF' di ,)!i '," j I. :11 .. 
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Using Eq. (2 .. 6) the incident power is given by 

p. = 
1 

(2.56) 

. 1'lhich gives a maximum incident peak power P. for a series 1--- -

diode of 

) "-
'p. = 

1 
(2.57) 

since the highest VBR available (in HP 3001 PIN diode) is 

about 200 volts, such a diode can isolate a peak incident 
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power of 25 watts in a 50 ohm transmission line, provided the 

power dissipated in the diode under these conditions is within 

the dissipation rating of the diode. 

A shunt diode in the low loss state will have half of 

the generator voltage dropped across it; thus the maximum in­
"-

cident power P.' for a shunt diode {s given by 
1 

" " P.' = 4P. 
1 1 

(2.58) 

A 200 volt shunt diode in 50 ohm transmission line can switch 

100 watts of incident peak power in this cpnfiguration. 

2.5.2. AVERAGE POWER 

I . 
The. current shown in Fig. 2.13b is glven by 



The power dissipated in the diode P is given by 
~. 0 

2 (R + 2Z )2. 
S 0 

solving for Vi 

V2 = 2(R + 2Z )2 P IRs 
·S 0 o' 

(2.59) 

_(~.60) 

(2.61) 

Recalling from Eq. (2.6) the incident power is given by 

Combining Eqs. (2.61) and 

power P. 
1 

the series diode 

P Z 
P. 0 0 = 

1 
Rs 

P. = 
1 

(2.62) gives 

can control: 

R 2 

(1 ~) ::: + 
2Z 

0 

(2.62) 

the average incident 

Z 
P 0 (2.63) 

0 
RS 

The dissipating rating of available switching diodes range 

from 0.08 -0.25 watts. For example,' assuming that P = 0.1 o 

watt, Zo = 50 ohms, and RS = 2 ohms, results ln Pi = 2.6 

watts. 
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Substituting Gs for RS and Yo for Zo gives the average 

incident power p.' a shunt diode can control: 
1 
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G 2 

P~" = 
1 

(1 + _s_) = 
P Z 

o 0 (1 + ::: P 
o 

Z 
o (2.64) 

2Yo 

In a 50-ohm transmission line, a 2-ohm, HP 3001 PIN diode can 

~witch average power of about 0.7 watts in this configuration. 

2 . 5 . 3 . C . W. POWER--

To determine the highest CWpower that a diode can 

switch, the transmission line impedance is varied so that the 

peak power rating of the diode and average power rating of 

the diode are eq~a1. Assuming for the shunt diode that 

for the series 

" p. 
1 

, 
= 

diode 

A 

P. = 
1 

VBR 

8Z 
0 

that 

and p. 
1 

, 
= 

and P. = P 
1 0 

P 
0 

Z o 

Z 
0 

4RS 

and that the optimum characteristic impedance is used in each 

case, then both the diode configurations can switch the same 

amount of CW power 

(2.65) 

A 2 ohm, 200 watt, HP 3001 PIN diode can switch 7.9 watts 

CW power in a 180-ohm transmission line. 
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CHAPTER ~. 3 

-

PROPERTIES OF ~lICROSTRIP TRANS~lISSION LINES 

3.1. INTRODUCTION 

Transmission lines .and passive lumped or distributed 

elements, which are manufactured and assembled from metal con-

ductor or conducting stripes on insulating substrates, are 

essential basic elements in microwave and millimeter wave hy-

brid integrated circuits. The metal strips or microstrips 

are deposited by thin-film or thick-film technology on dielec-

tric substrates; the processing steps are substantially dif-

ferent compared to conventional coaxial and waveguide circuit 

technology. Circuits built with microstrip transmission 

lines or microstrip components have three important advantages: 

i. The complete conductor pattern can be deposited 

and processed on a single dielectric substrate 

which is supported by a single metal ground plane. 

Such a· circuit can be fabricated at a substantial-

ly lower cost than waveguide or coaxial circuit 

configurations. 

ii. Beam-leaded active and passive devices can be 

bonded directly to metal strips on the dielectric 



substrate. 

iii. Devices and components ~ncorporated into hybrid 

integrated circuits are accessible for probing 

and circuit measurements (with some limitations 

imposed by external shielding requirements). 

3.2. DEFINITION AND CLASSIFICATION 
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A strip line or micros trip line is a parallel two­

conductor line made of at least one flat strip of small thick­

ness. For mechanical stability the strip is deposited on a 

dielectric substrate which is usually supported by a metal 

ground plane. This basic configuration is shown in Figure 

3.la. 

A parallel two-conductor line of this type may need 

modifications because: 

i. A radio frequency shield may be required to eli­

minate radiation losses. The shield dimensions 

or the sheet conductivity of the shielding have 

to be chosen in such a way that excitation of 

traverse electric modes, traverse magnetic modes, 

and box resonance is suppressed.· 

ii. Proximity of the air-dielectric interface with 

the strip conductor can be lead to excitation of 

plane-trapped surface waves. This problem can 

be solved by using a substrate with a low dielec-
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FIGURE 3.1. Basic types of microstrip transmission lines 
with one strip conductor supported by a dielec­
tric substrate: (a) standard microstrip, (b) em­
bedded microstrip, (c) microstrip with overlay, 
(d) microstrip with hole, (e) standard I inverted 

" . micros trip, (f) suspended micros trip; (g) sh ie 1-
ded mic ros trip, (h) slot t ransmis s ion 1 ine . 
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-
tric constant or by choosing ~ sufficiently small 

frequency-thickness product for the microstrip. 

It can· also be solved by removing the air~dielectric 

interface into the far field region as shown in 

Fig. 3.lb. 

iii. If the substrate is a semiconductor, surface pas-

sivation may be necessary to protect against at-

mospheric co~tanminants. This can be achieved by 

a thin dielectric film as shown in Fig. 3.lc. 

iv. Solid-state devices with substantial heat dissi-

pation such as IMPATT, and GUNN diodes as well 

as high-power varactor diodes have to be shunt 

mounted in the microstrip in order to achieve a 

small thermal spreading resistance in the ground 

plane. A hole in the dielectric is required in 

Fii. 3.ld for mounting a solid state device be-

tween the two microstrip conductors. 

IMPATT and high-power varactors are typical examples 

of solid-state devices which are usually shunt mounted in 

transmission line circuits. Other solid-state devices or 

materials which require shunt mounting are ferrites for cir-

culators and isolators and high-Q dielectric resonantors for 

microwave band-pass filters. Shunt mounting is faci~itated 

in inverted microstrips and suspended microstrips shown in 

Fig. 3.le and 3.1f. Solid-state devices which require a dc 

bias or q dc return have to be mounted by means of a pressure 

contact or bonded contacts between the ground plane and the 



strip conductor in Fig. 3.le. Complete shielding of .such a 

line is essential because fringe field effects are enhanced 
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by increased electric field intensities in the dielectric sup­

port material. An attractive solution is to suspend the sub­

strate symmetrically between the ground plane and the top 

shield. A major advantage of all microstrip configurations 

with an air gap is that the effective dielectric constants. is 

small .. This means that the effective dielectric loss tangent 

is substantially reduced, also, all circuit dimensi9ns can be 

increased, which leads to less stringent mechanical tolerances; 

better circuit reproducibility, and therefore lower produc­

tion cost. 

Figure 3.lg shows a completely shielded standard mi­

cropstrip and Fig. 3.lh a schematic diagram of a slot· line 

which consists of two conductors deposited on the same side 

of a high permittivity substrate. The slot line can be 

tightly coupled to the lines of Fig. 3.la through g by depo­

siting the slot line metalization on one side of the sub­

strate and the microstrip conductor on the opposite side of 

the same substrate. 

3.3. IMPEDANCE) ATTENUATION AND UNLOADED Q 

The electrical parameters of the microstrips of Fig. 

3.la through g which are required for circuit design are im­

pedance, attenuation, unloaded Q, wavelength, and propagation 

constant. These parameters are interrelated for all micro-



62 

strips of Fig. 3.ra through g assuming that: 

i. the propagating mode is a travers~ electromagne~ 

tic mode; or it can b&- approximated by a traverse 

electromagnetic mode; 

ii. conductor losses in the metal strips are predo­

minant, which means dielectric loss'es can be 

neglected; 

iii. the relative magnetic permeability of the sub-

strate material is ~r = 1. 

The basic reason for the subsequently explained re-

lationship of the line parameters is that of the inductance 

per unit length depends only upon the conductor geometry and 

is absolutely independent of the geometry and the dielectric 

properties of the supporting'structure. The relationship 

between line param'eters is shown in Fig. 3.2. 

Let us assume in Fig. 3.2a that the conductor geo-

metry is defined by a stripe width wo ' a ground plane spac~ng 

ho' and a small stripe thickness to. Let us also assume 

that this is an air line with chayacteristic impedance Zol' 

a wavelength Ao ' an attenuation per unit length a o ' and an 

unloaded Qo . If the ~onductor dimensions remain,the same, 

and if the micrstrip is fully embedded in the dielectric ine-

dium with dielectric constant cr,one obtains the new line 

parameters given in Fi~. 3.2b. If the line is only partially 

_ filled with die~ectric'support material with a relative di-

electric constant one obtains for the li.ne parameters of 



Fig. 3. 2c . 

z = impedance (3.1) 

A = wavelength (3.2) 

a = attenuation (3.3) 

= " 2 On 1 (3.4) 
Q,nlO 

The effective dielectric constant Ee"ff has to be computed or 

meisured as discussed in Section 3.3. The following inequa-
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lities are valid for the standard microstrip in Fig. 3.la and 

the inverted microstrip in Fig. 3.le are given by 

1+£ 
< "r < E eff Er 

2 
standard microstrip (3.5) 

, 

< < 
l+E r 1 = Eeff 

2 
inverted microstrip (3.6) 

If one has to compare the attenuation or the quality 

factor Q of different microstrips one has to consider lines 

which have the same impedance level. Fig. 3.2d gives the 

line parameters for partial dielectric filling with reduced 

dimensions wI = woll Eeff and hI = holl Eeff . This insures 

that the electrical dimension of the two basic line parame-



ters is the same as the electrical dimension of the air of 

Fig. 3.2a. 

r-: wo-1 
---. 

. I 

"IR ho 

~/?@$Y$~ 
(a) 

Z 0 
Impedance. 

A 
0 

Wavelength 
, 

a 0 
Attenuation 

20n 1 
-

Q = ----0 £.nlO a A o 0 

I!~::;~;~~~~± 
~~&W~ 

(b) 

Zol 
--
Is r 

A 
A 0 A = --

Is 
r 

Is a = a o a 
r 

Q = Qo 

1!~jJ~[it}~~i;!Jlt ~ 
w/'@//////$/////.//, 

(c) 

Z 01 

Is eff 

AO 
= 

ISeff 

Is = a eff 0 

Q = Qo 

. 

W= woo 
(£eff)vZ 

r--1 
= t 

TIM·:·~f~M0'.@;~th,~:(~'e';:)V2 
~%3WYAf 

(d) 

Z 01 

Is 
eff 

A 
A 

0 = 
Is eff 

a = a oS 
eff 0 

Q 
Qo 

= 
Is 

eff 

FIGURE 3.2. Impedance, wavelength, attenuation and quality 
factor Q of microstrip transmission lines. 

3.4. COMPUTATION AND MEASUREMENT OF EFFECTIVE DIELECTRIC 
CONSTANT (7) 
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The electrical parameters! of any microstrip can be 

computed if the characteristic ~mpedance Z01 of corresponding 



air line and the dielectric constant 1Eeff are known. The 

basic equations required for this c9mputation are listed in 

Fig. 3.2. 

The effective dielectric Eeff is a function of the 
_ ... - . - .... 

, ratio w/h, the relative dielectric constant, and geometrical 

shape of the boundary between air and the die1ectr(ic support 
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material. In order to find a function which approximates the 
. < 

set-up of Figure 3.3 over the total range 0 = w/h < ,,; and 

< 1 = Er ~ 00 we define a function F(E r , w/h) by 

E +1 
r 

2 
+ 

E -1 
r 

2 
(3.7) 

From Eq. (3.5) we find for the standard microstrip of Fig. 

3.1a: 

o < F(E~, ~) < 1 (3.8) 

One class of functions which fulfills this require­
\ 

ment is the class of irrational functions 

(3.9) [1 + 
N h n 
1.: en (w) ] 

n=l 

m 

< with cn being functions of Er and m = O. The set of curves 

of Fig. j.3 can be approximated with m = -0.5 and one side 

term of the series by 

-~ 
= (1 + 10h) 

w (3.10) 
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FIGURE 3.3. Square root of the effective dielectric constant 
!;: 

for a standard micros trip. (Eeff) 2 plotted as a 

function of w/h with E as parameter. 
r 

The final result with an accuracy of ~2 per cent for Eeff and 
!;: 

an accuracy of +1 percent for (Eeff) 2 is 

E +1 
r + 

E -1 -~ 
r (1 + 10h) (3 .11) 

2 2 w 

Effective dielectric constants can also be obtained 

by static capaci tance measurement or time' domain reflectometer 

measurements. If the static capacitance per unit length is 

C with partial dielectric 

removed, one obtains Eeff 
Zo 

L = 
C 

filling and Co with the dielectric 
!;: 

= C/C and from Z = (L/C) 2 with a 
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Z 01 1 Z = = 
IE I c/~' eff 0 

(3.12) 

where c is the velocity of light ~n vacuum, c = 3x10 10 cm 

per second. 

3.5. IMPEDANCE DESIGN FORMULAS 

Wheeler showed that for the zero-thickness dielectric 

microstrip line (8) 

E -1 J .... 12 (_r_) (.R.n 7T + 1 .R.n 7T4) 
E +1 2" E r r 

(3.13) 

is valid for narrow strips (w/h) , < 1, and 

188.5 [k+ E -1 
Zo = 0.441 + 0.082 (_r_) 

IE E2 
r r 

E +1 
[1.45 0.94)]] 

- 1 
r w + + .R.n (2l1 + 

27TE r 

(3.14 ) 

is valid for wide strips w/h > 1. These characteristic im-

pedance equations are in good agreement with experiment for 

very thin strips (t/h < 0.005) when the substrate dielectric 

constant Er is the range from 2 to 10 and 0.1 < ~ < 5. 



Figure 3.3 is a plot of the cparacteristic impedance 

of dielectric microstrip as a function of the w/h ratio for 

dielectric constants corresponding to several important sub-

strate materials. Note that for the 50 ohm characteristic 

__ :imp~d_ance which is popular in coaxial transmission line, 

(w/h) = 1 on an alumina substrate. 

200.-----.---~-.---.--.-._--------------------~ 

\"" 160 .----- -- - ,.---1---1--1 

'''~ '" ~ 
140 I--___ ~---. _ __ ,,~/~~_o 
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~ "'-.. QUARTZ ~ 
1: r-.... i'...Er=3_78 

o 100~1~ "~-+--~~+I~ ~~--r-+---~-+------r---r--r~ 
z· ............. ALUMINA ....... i'... _ " 
~ ~=9.5 I" "-
60~----4-~~-+---+--~+------+~----r---r--r~ 

~~ ~~ ~ 
60 1----I-----l---1F"--< ........ ::+,-I"-..-"""",,:-I~-~~-. -t--t--i 
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.. ---........~~ ",--
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0.1 0.2 0.4 0.6 0.6 1.0 2 4 6 6 Ie 
w/h 

FIGURE 3.4. Characteristic impedance of a standard micro­
strip for Er = 1 and impedance of the standard 

microstrip for Er = 3.78 (quartz) and Er = 9.5 

(alumi~a) as a function of w/h. 

68 



69 

There exists a relationship between the effective 

filling'fr~ction qo and the effective dielectric constant de­

fined as: 

Eeff - 1 
(3.15 ) 

E - 1 
r 

with an aid of a computer, the set of curves presented in 

Fig~ 3.4 was gen~rated (9). 

If the shape of w/h of the microstrip line is known,' 

the free - space' characteristic impedance Zol and the 'effective 
, 

filling fraction qo can be read directly from the curve de-

(noted Er = 1. The characteristic impedance Zo can be read 

directly from the curve corresponding to the associated di­

electric constant Er of the substrate. The effective dielec­

tric constant (E eff) can be computecl by Eq. (3.15). 

If the characteristic impedance Zo is known, the 

shape ratio and the effective filling fraction can be read 

directly from the curve corresponding to the associated'di-

electric constant Er of the substrate. A wide variety of 

the dielectric substrates is available, with typical proper-

ties shown in Appendix A. 
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CHAPTER 4 

DESIGN'OF MICROWAVE SWITCHES 
USING MICROSTRIP LINES 

4.1. INTRODUCTION 

71 

Many switching requirements can be met simply by using 

the' concepts developed in Chapter 2. Packaged diodes work 

quite well in Mode 1, without any tuning up to about 4 GHz. 

Unpackaged diodes work well in miniaturized microstrip up to 

about 20 - GHz . 

'There is a wide variety of ways of combining diodes 

with transmission lines to obtain good switching. Every diode 

switch must include a diode and the bias circuit. When both 

bias circuit and diode are considered together, it frequently 

becomes possible to -use the elements of the bias circuit to 

optimize the diode insertion loss and/or isolation at the 

design frequency. 

4.2. SWITCHES 

The,se1ected optimum configurations for mounting diodes 

in m~crostrip line to make switches are shown in Figure 4.1. 
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In most cases the bias circuit elements are chosen to work 

in conjunction with the diode reactances to provide optimum 

insertion loss or isolation at the design frequency. A typi-

cal requirement on a diode switch is to provide less than 

1 dB insertion loss and more than 20 dB isolation. Wide 

strips indicate characteristic impedance Z < SO ohms, while o -

thin strips indicate Z > SO ohms. o -

r------- SWITCHES ------_--, 

GLASS 

~~ ~Ot . 
o • 

(a) 

o 0 

-~~~-.L., ~ =z:: 0 

PILL OrODE ........... gp ~ 
TUP,lEO ~ 0 _ 
~ 0 [To _ (b) 

STUB 

FIGURE 4.1. Circuits for microstrip'line switches. 

4.2.1. SERIES DIODE 

When a series diode has a low impedance, most of the 

RF current passes through it into the terminating load be­

hind it. It then provid~s a low insertion loss, 8. When it 

has a high impedance, practically no RF current passes through 
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it, and the device demonstrates high attenuation termed iso1a-

tion, .n. Since a capacitor must be put in series with the 

series diode to isolate the bias voltage from the other parts 

of the system, the same capacitor can be made to series re-

sona~e with theinductance~of th~· forward-biased diode to 

provide a low impedance (and thus low insertion loss) at the. 

'design frequency. Putting an inductor in parallel with a 
I 

diode to parallel resonate with the reverse bias capacitance 

to obtain high impedance (and thus high isolation) is prac~ 

tical only when the required inductance is small, so that it. 

is comprised of a short length of~ high-impedance transmission 

line· connecting the quarter-wavelength sections on both sides 

of the diode .. Normally such an inductor will not be used, 

dictating that the series configureation be used only when 

the diode reverse bias impedance is high enough to provide 

the desired isolation by itself. 

Since minimum insertion loss is easily obtained by 

tuning the series capacitance, the isolation is the only 

switching state difficult to sati~fy. The isolation is dic-

tated by the impedance of the diode at reverse bias, which 

must be high compared to Zoe The Zo in which the diode is 

mounted can be lowered by putting quarter-wavelength trans-
~ 

formers before and after the diode. Allowing the transformer 

strip line characteristic impedance to be as low as 25 ohms 

permits the diode to be mounted in a region transformed to 

12.5 ohms. This gives,the series diode curbe on Figure 4.2 

defining the im2edance region of a diode measured in 50 ohm 
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FIGURE 4.2. Normalized impedance plot for selecting the most 
suitable circuit. 

transmission line that will provide at least 20-dB isolation. 

Using Eq. (2.7) and assuming R = 0, Zo = 12.5 ohms, 

the reactance X corresponding to an isolation of 20 dB is 

+250 ohms, or +5 normalized to a 50-ohm line. 

The remainder of the circuit shown in the upper por-

tion of Figure 4.la is for biasing. The high Zo quarter­

wavelength line to ground provides a d-c ground return for 

bias with very little contribution to insertion loss over a 

wide bandwidth. The high Z quarter-wavelength line section o 

from the bias point similarly provides wide bandwidth. The 
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open-circuit low-Zo quarter-wavelength line from the bias 

point provies an RF ground at the point and prevents RF from 

being coupled to the external biasing circuit. 

Another circuit is shown in Fig. 4.1a that uses two 

diodes and has the advantage that no series tunign capacitor 

is required. The reflections of two identical discontinuities 

canc~1 when their electrical s~paration ill satisfies the g 

equation 

1 -1 
2n tan (4.1) 

where i = the distance between diode centers. 

A spacing of ill = 0.2 is approximately correct for 
g 

tuning out the inductive reactance of "most forward-bias dio-

des. This same spacing also increases the isolation. For 

example, if one diode in a given Zo provides only 10 dB, then 

two of them properly spaced in series and in the same Z will 
.0 

provide 26 dB. Although this lower circuit of Fig. 4.1a 

could permit the region for series diode isolation on Fig: 

4.2. to be expanded, it is not expanded making Fig. 4.2 a 

conservative guideline. In this circuit the transformers ln 

series with the diodes maybe needed to reduce the insertion 

loss contributed by a series resistance of the forward bias 

diodes by transforming the series resistance to lower effec-

tive values. 
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4.2.2. SHUNT DIODES 

Lead-type or pill-packaged diodes may be used for 

making shunt diode switches as s~own in Fig. 4:lb. A shunt 

diode must have low impedance to provide high isolation and 

. high impedance for low insertion loss. The insertion loss 

of the lead-type shunt diode switch may be reduced by making 

the d-c ground return shorter than A /4. g 

The isolation of the lead-type diode is maximized by 

adjusting the lengths of the shunt capacitive stubs on the 

bias end of the diode. Since the forward-bias impedance of 

the diode is usually inductive, these open-circuit stubs are 

made shorter than Ag/4 to provide the series capaci·tance for 

resonance . 

. The maximum isolation of the pill diode is obtained 

by varying the capacitor between the diode and the center 

strip of the stripline. These two circuits perform well as 

diode switches when their impedance normalized to 50 ohms 

falls within the region labelled "shunt" and "tuned shunt" 

in Fig. 4.2. 

A large portion of the outer edge of the Smith Chart 

lies outside the region so far defined in Fig. 4.2 by the 

circuits. This unclaimed region is easily within range of 

the shunt stub configuration. 
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When a diode at forward bias has inductance L and at 

reverse bias capacitance C, it has the same impedance as a 

shorted or opened length of transmission line of characteris-

tic impedance 

_.-, .. ..., ._- -

Z' = .; L/C' 
o 

(4.2) 

. and length 

Q,' = A g tan - 1 w ILC 
2n 

(4.3) 

By adding more length in front of the diode of characteristic 

impedance Z~, the line.can be made Ag/4 long and perform as 

a switch having optimized isolation and insertion loss. 

The requirement may be stated more generally in terms 

of diode reactance. For forward conduction, the diode reac­

tance is Xs ' and for reverse bias the reactance is Xo. 

·Then 

and 

Z' = I -x X o s 0 

I-x x· 
s 0 

-c4.4) 

(4.5) 

Note that Xs and Xo must have opposite signs to provide real 

values. In the event Z' is foo high or too low for practical o 

construction, or if both the r~actances have the same sign, 

the d-c ground return may be adjusted to a ~ength other than 
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Ag/4 to provide tl:le desired tuning for optimum insertion loss, 
-

the stub having been adjusted for high isolation. 

When the Z' for any diode is out of the range 12.5 
o 

to-·-100-ohm range, the impedance level of the diode is. such 

that la-percent bandwidth becomes very difficult to obtain 

in any switching circuit. 

4.2.3. REFLECTION DIODE 

When the impedance of the diode is close to 50 ohms 

in one bias state, none of the circuits discussed thus far 

will provide satisfactory switching. Good switching may be 

obtained by connecting the diode to the second port of a cir­

cu1atoi. Then power in the first port i~ absorbed by the 

diode in the 50-ohm impedance state and does not come out 

of port 3. In the other bias state the diode is presumed to 

be a better reflector, incident power is reflected from it, 

emerging from,port 3 with low insertion loss. The 50-ohm 

stubs shown in Fig. 4.lc are for improving the match of a 

diode that is not exactly 50 ohms. 

Reflection switches may also be made using 90-deg 

3-dB couplers. A reflection-type diode is put on each of 

the normal output arms of the 3-dB coupler. Then power re-

~lected from them adds in phase at normally isolated arm of 

the 3-dB coupler. 
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4.3. SPECIAL MODEL FOR SHUNT DIODE STUBS 

Normally the switching diode is represented by the 
4_ 

equivalent c~rcuit shown in Fig. 4.3a. The new model for the 

sw-i tching diode - is a length of two -wi re transmission line as-

shown in Fig. 4.3b. The characteristic impedance of the 

transmission line representing the switching diode can be de-

fined to be equal to the square root of the product of the 

input impedances when the diode junction is conducting and 

when it is non-conducting (as in Eq. (4.4)). The effective 

length of the line is defined by the reactance at either bias 

state and is then the same for both- bias states. Alternative-

ly, the diode can be represented with equal accuracy by a 

line of any characteristic impedance when the-effective 

lengths are properly chosen for conduction and non-conduction. 

In general, these lengths vary with· frequency. It is more 

(a) 

r-~dl 

Q---IO I z Ir----.l 
os \ 

0--; 

(b) 

FIGURE 4.3. Equivalent circuits of switching diodes (a) old, 
(b) new. 
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convenient to fix the characteristic impedance and allow only 
, 

the effective lengths to vary. This-approach is taken here 

because it facilitates measurement and design. When the diode 

is forward biased, it is considered to be a length of short-

circuit-terminated transmission line. When the diode is re-

verse biased, it is considered to be different lengths of 

open-circuit-terminated transmission line. The effective 

lengths of a diode are obviously a function of the assumed 

Zoe The effective length of several HP 3001 PIN diodes 

(Zos~50) is shown in Figure 4.4. 

E 
u , 

1.5 

~. 

" Z 
!oJ ~ 

-' 
!oJ 1.0 
~ ... 
U 
!oJ. 
U. 
U. 
!oJ 

0.5 

HP 3001 PIN DIODES 

FOPWARD BIAS 

-- ··0 =-0 --7---1----'----''----'---'----...l--_-' 
2.3 4 567 

FREOUENCY GHl 

FIGURE 4.4. Effective length of several HP 3001 PIN diodes 
(Zos ~ 50) 
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4.4. DESIGN OF STUB SWITCH (10) 

The microstrip stub switch, using PIN diode such as 

HP 5082-3005 series for the switching element, is designed in 

the SPST- con-fi gura-t-ion-. a t-- the cen.tra1 frequency of 2.5 GHz, 

as shown in Figure 4.5. 

Z =50n os 

___ PIN diode 

Bias Port~ __ ~~~ ____ ~ 

FIGURE 4.5. The stub switch. 

Z =25 n o 

We use DUROID 5870 for the microstrip transmission 
• 

line. The dielectric constant of Duroid 5870 is 2.33 (see 

Appendix A). It has a thickness of 0.7379 mm. In order to 

find the diode stub length, we should calculate the propaga-

tion ve foci ty. 

= 2.126 X 10 10 cm/sec (4.6) 
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1 0 

where C = 2.998 ~ 10 em/sec and Eeff is calculated using 

Eq. (3.11) and Fig. 3.5 for'50Q transmission line, then 

Eeff = 1.988. 

Hence', the transmission line wavelength is 

where. f e . = 2.5 GHz. 

A g = ::> 8.504 em (4.7) 

When the diode is reversed-biased, the length 0 f the' 

stub between the main line and the diode is calculated so 

that it and the diode length add up to. Ag/4 at 2.5 GHz. Hence, 

(4.8) 

where ~DR ~s the effective length of the diode for reverse 

biase case. 

Us ing Fig. 4.4". and ~DR = 0.26 em, hence, 

~sl = Ag/4 - ~DR = 1.866 em 

An open circuit at the diode junction is thus trans-

formed to a short circuit across the main transmission. line, 

which results in high isolation . 

• J". 
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When the diode is forward biased, the RF current goes 

to ground via the two parallel 25 ohm, Ag/4 open-circuit stubs 

so that the diode stub appears as a short-circuit terminated 

stub slightly greater than A /4 1nng as shown in Figure 4.6 
g 

and the length of th~ diode stub increases as ~L. 

(4.9) 

where ~DF is the effective length of the diode at forward 

bias. 

0--0 ---II tsl ---tiJRt ___ " 
ZOs=50Q 

o 

\. 

FIGURE 4.6. Influence of the effective length of the diode 
on the stub. 

Using Fig. 4.4, and ~DF 1.244 cm, hence, 

~L = 1.244 - 0.26 0.984 cm 

A /4 + ~~ = 3.11 g = 0.3657 Ag 



Thus it appears as a capacitor across the main transmission 

line. The reactance of the capacita~ce can be calculated 

using the transmission line (or Smith Chart). 

z s.c 
5/, 

= ] Zos tan 2rr r-
g 

Using the Eq. (4.3), then 

1 
wC 

= 56.2 

Z = - j 56 .2 s.c 

and C = 1 

w56.2 

and C = 1.132 pf at the frequency of 2.5 GHz. 

(4.10) 

(4.11) 

This capacitance is tuned out by the inductance of 

the uppe'r stub, which is less than Ag/4, and terminated in 

a short-circuit. Therefore, using the definition of the re-

sonance, 

1 " 
(4.12) w = 

ILC 

and inductance, 

L = 56.2 (4.13) --w 

L = 3.577 nH at the frequency of 2.5 GHz. 
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FIGURE 4.7. 

IMPEDANCE IMP£DANCE 

1'·0 u·o 
tt-o I.e 0 

Calculation of the length of upper stub using 
the Smith Chart. 

Now, the length of the upper stub can be calculated 

using Eq- (4.10) 

A 
- 1 56.2 

51, = ~ tan s2 2rr SO 

51, s 2 = 0.134 Ag 
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£'s2 = 1.142 cm 

i 
.The same results are obtained using the Smith Chart as shown 

in Figure 4.7. The upper stub provides dc return for the 

- -bias current. 

RF 
Input 

Z =50 Q o· 

0.228 

RF 
Output 

Bias 
o ~sS8 

. \'-2.126 +2.126-1 

FIGURE 4.8. The 2.5 GHz stub switch using HP 3005 PIN diode. 
All dimensions in centimeters. Drawing is not 
to scale. 

4.5. DESIGN PROCEDURE FOR MULTIPaRT SWITCHES 

Fisher (11) has proposed a design procedure for mul-

tiport switches based on the characteristics of quarter-

wavelength-stub bandpa~s filters. Such filters of a number 

of quarter-wavelength stubs on a transmission l~ne spaced at 

quarter-length intervals. An example of a three-stub maxi­
. I 

mally flat filter is shown in Figure 4'.9 .. 



-
Stub characteristic 

adm~ittance. s 

T'l'//' /'//. ~0 

A , 
40 Ysl YsZ Ys3 

c (a I 

CD 
u 

~f 
~ 
c: o· 

.~ 

..=- . 

fCI . fo fcz 
Frequency 

(bl 

FI GURE 4.9. Three - stub maximally flat bandpas;s' fil ter. 
(a) Schematic diagram showing stub length and 
spacing for maximally flat characteristic, 
Ysl=Ys3=Ys2/2; (b) attenuation ~haracteristic. 
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The basis of the Fisher procedure is the. substitution 

of a so-called "quasi-lumped" stub for one of the stubs. A 

quasi-lumped stub consists of a lumped capacitance C across 

the main transmission line, .in parallel with a short-circuited 

stub of characteristic: admittance Y1 and length d l , as 

shown in Figure 4.10. One method, found to give good prac-

tical results, is to equate the mid-band susceptance slope 

of the quasi-lumped stub to that of an a~tual-Ao/4- stub cha­

racteristic admittanceY l . This may be done by considering 

~igure 4.10, where 

B 

where 

wd l jwC - jY 1 cot 

v = 3xl0 10 

I Ee ff 

v 

cm/sec 

(4.14) 



FIGURE 4.10. Stub ,equivalences (a) original quarter-wave 
short-circuited stub, (b) quasi-lumped stub 
approximation. 

The corresponding radian frequency derivatives are then 

dB d 1 wd 1 
dw = j (C + Y 1 - csc 2 -) 

\) 
\) 

(4.15) 

.Also, for the quarter wave stub 

B' -j YZ cot 
wd Z = (4.16) 

\) 

dB' = j YZ 

d
Z csc 2 

wd Z 
dw 

\) \) 

(4.17) 

Equating the two derivatives since we wish the selectivities 

to be equal near woo 

Let w d Z = 

then 

A o 

4 

\) 

(4.18) 

1 
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and 

4 W C 4 wod l Yl 2 wOd l 
k2 

0 + - CSC 
'IT 2YO 

'IT 2\) Yo \) 

(4.19) 

also for B = 0 at w - w 
0 

C = Yl cot 
wod l w 

0 
\) 

(4.20) 

hence 

.\) 
w C 

d l cot 0 = arc w Yl 0 
(4.21) 

hence 

(4.22) 

.. 

An SPPT (Single Pole Double Throw) switch is realized 

by using two such filters connected together as shown in 

Figure 4.11. This diagram illustrates the reason for using 

multistub filters: If it is desired to direct power from 

Input 

f--i+i+-}++-1 
(al 

Short-circuit 
quarter-wave stub 

(bl 

FI GURE 4.11. (a) SPDT swi tch con fi gura tion; (b ) schematic 
diagram illustrating switch setting for trans­
mission from input to port R. 
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the input to port_B and isolate port A, the diode Dl is for­

ward biased, thus producing a quarter~wavelength short-circuit 

stub. The other two stubs, the quasi-lumped stub incorpora-

ting a reverse-biased diode DZ and the final short-circuited 

quarter-wavelength stub, are designed to yield the required 

low-loss characteristic. The characteristic a"dmittance of 

the first short-circuited stub" (from the junction to Dl ) in 

these configurations must be Yo' the characteristic admittance 

of the main transmission line. 
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CHAPTER 5 

BIASING AND DRIVING CONSIDERATIONS FOR 

PIN DIODE OF SWITCHES 

" 

5.1. BASIC RF SWITCHING BEHAVIOR OF PIN DIODES 

Basically, a PIN diode switch consists of one or more 

PIN diodes usually shunted across an RF transmission line in 

such a way that dc, low frequency, or pulsed bias can be ap-

plied to them. These diodes have an approximate RF equivalent 

circuit consisting of. a junction capacitance, C., shunted by , J 

an adjustable conductance, G,(see Figure 5.1). 

+ C. G 
J 

FIGURE 5.1. PIN diode and RF equivalent circuit., 

The junction capacitance is fairly constant. The 

junction. cond,uctance is approximately proPQrtional to the 

-'I 
I 



charge stored within the diode, which is a function of diode 

curren t and time acco;rding to thes e equations: 

where 

d(Qd) Qd 
4. 

id = + for Qd > a (5 .1) 
.d t - ~ ~- . T --

id 
d(Vd) 

for Qd a (5 .2) = C < 
dt 

id = diode current 

Qd = charge stored in diode 

T = diode recombination time (typica11y in th.e 

range of 0.3 to sao ns) 
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The case for Qd < a is clearly just the back-bias capacitance 

effect of the diode. Therefore, G ~ a for Qd < O. The case 

for Qd > a will be considered here. 

Taking the Laplace transform of Eq. (5.1): 

T id (jw) 

(1 + jWT) 

T 

(5.3) 

(5.4) 

(5 .5) 

For constant ac current versus frequency, the ac 

, charge storage component Qd(w) follows curve of Figure 5.2. 



20 9,og 
---6dB/octave 

L--_____ -'--__ ~....._:_-- 9, 0 g w 

w = o 
1 

T 

FI GURE 5.2. PI_N behavior as a function of frequency. 

For, a PIN diode with a life time of 100 nsec, 

Wo = 10 7 sec-
1 

and fo ~ 1.6 MHz. 

Modulation frequency components up to about f have o -

more or less the same effect as dc drive. Above fo' however 

modulation efficiency decreases by -6 dB/octave as suggested 

by Fig. 5.2. 

To reach a high value of G, a high value of Qd must 

be reached. In Eq. (5.4) it is seen that the time response 

of Qd to a step of forward diode current, I is: 

-1 -t/T 
Qd (t) = L I Qd (s) I = I T (1 - e ) (5.6) 

and the stored charge will follow the function of In. 

Figure 5.3 .. 

The rise time for stored uharge, for G, and for the 

attenuation, will be sever~l timei T, several hundred riano-
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t 

FIGURE 5.3. Charge stored response for constant drive cur­
re"nt. Relatively slow rise fo response in the 
PIN diode for such drive limits switching speed. 

seconds for a PIN diode of 100 ns liftime. 

This time, however, can be shortened by using a shaped 

drive current pulse with initial overshoot, as shown in Figure 

5.4. For perfect compensation, the area (current X time) of 

the initial spike should be IT, where I is the steady state 

value of the diode current pulse. 

i Spike area 

I 

t 
~ width « T 

---
Rise without initial spike 

t 

FIGURE 5,4. Spiked current drive accelerates chacrge stora"ge 
in PIN diode with consequently faster switching. 
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5.2. CHARGE REMOVAL 

The dynamics of the charge removal are similar to the_ 

dynamics of charge storage. A reduction of forward current 

.. -instaneously to zero causes an exponentially_decaying. waveform 

of stored charge. Therefore ~ spiked reverse current waveform 

is also necessary for fast charge removal, as shown in Figure 

5 .5. 
. i 

1 

t 

t 
I- T -I 

~----------+n~----------- t 
Area = I 

T 

~----------~--~--~------~ t 
T -..J 

FIGURE 5.5: A reduction of forward curren~ instaneously to 
zero causes an exponentially decayin~ waveform 
of stored charge. . 
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, , 

5.3. PULSE DRIVE CIRCUIT CONSIDERATIONS FOR HIGH SPEED 
SHITCHING 

For best performance a diode switch should be biased 

in both sates. Under most conditions PIN diodes are reverse 

biased only enough to hold off rectificed current (IOV - lOOV). 

But when harmonic generation, intermodulation products, or 

insertion loss ,must be low then the PIN diode must be biased 

to half the breakdown voltage VBR . The reverse bias voltage 

VR would be 

(5 .7) 

For lower power the bias need not be as high, but is a func-
A. 

tion of the incident peak power P. as follows: 
1 

= 21 2P.Z 
1 0 

= I 2P.Z 
1 0 

for series diodes 

for shunt diodes 

(5.8) 

(5.9) 

Although the PIN diode 'responds to current, the switch 

designeT must achieve t~e driving source voltage swing needed 

to produce the desired bias current waveforms. To good appro­

ximation at the uspal bias frequencies, the PIN diode has a 

forward V-I characteristic typical of silicon diodes, as 

shown in Figure 5.6. The voltage drop is approximately IV 

and the forward bias current is IF' 
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i 

100 rnA· 

v 
o 1V 

FIGURE 5.6. V-I characteristic of typical PIN diode. 

The simplest bias· circuit is shown in Figure 5.7. 

The series resistor is determined by 

R = (5.10) 

Nominal values of VR and IF are 20V and 10'0 rnA respectively. 

Under these conditions, the battery has to be able to supply. 

2W power and R has to be able to dissipate it. 

R 

FIGURE 5.7. Manual switching driver circuit. 

In many applications, the diode is normally iIT one 

state and put into the other state only for short p~riods of 
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time (pulsed). It is most efficient to arrange the switch so· 

that it is reversed biased normally and pulsed into conduc-

tion. Figure 5.8 shows the circuit for a pulse driver. The 

pulse voltage must be large enough to overcome the IV forward 

. drop . of_ the diode. There fore, the pulse voltage. mus:t sa tis £y. 

C 

I ~ 
F 

R 

+ 

FIGURE 5.8. High-speed pulseing driver circuit. 

Pulse 
Volts 

(5.11) 

50Q 

The series capacitor should be part of an RC time constant 

longer than the pulse length t to prevent pulse sag (inte­p 

gration). The resistive part of the time constant is made 

up·of the 50 ohm pulse generator impedance and the 10 ohm 

diode resistance. The series capacitor should satisfy 

(5.12) 
60 
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The mismatch of the conducting diode causes the pulse 
,; 

to be reflected back into the pulse generator. This pulse 

can be prevented from having undesirable transients either by 

making sure that the pulse generator has 50 ohm output impe­

dance,. or QY _.-q_si~g. a),oI),g cable so that reflections appear 

after the diode switch has gone into the non-conducting state. 

A resistor may have to be put across the capacitor if the 

duty factor is .high because the rectification of the switching 

diode will a~d to VR and require Vp to be even larger. 

If the diode is to be biased into conduction and pul-

sed into non-conduction, the circuit of P~gure 5.8 will be 

adequate provided VR and R are adjusted to give Ip. If R is 

greater than 500 ohms, the pulse v6ltage on the diode will be 

2Vp. The requirement on C is also relaxed as follows: 

t 
C > -p- (5.13) 

50+R 

Por this polarity of switching, C can also be replaced 

by a diode (or,multi~le ~iode in series to assure that their 

forward drop is greater than that of the switching diode as 

shown in Pig. 5.8b). With a diode there is no limit to the 

pulse length. 

When switching is done with a PIN the diode tends to 

slow the swtiching. The carriers take time after they are 

injected into the I region before they begin to recombine and 

charge the I region conductivity. Time is also necessary-to 



pull the carriers out of the I region when going to the non-

conduction state. The charge stored in the I region Qd os 

proportional to the forward current IF and minority carrier 

lifetime T. 

Q
d 

= I • T 
E (5.14 ) 

To have rapid switching of a PIN diode, this charge 

must be rapidly injected and removed. The slow switching 
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causes the waveform to be p'artially integrated. Partial dif-

ferentiation of the drive pulse wil,l compensate for the slow 

switching. A circuit to accomplish this is shown in Figure 

5.9. The charge stored in C
T 

is given by 

. Qc = C
T 

V (5.15) 

in which V is the voltage across CT. This is the same voltage 

as appears across R
T

. 

(5.16) 

For the complete initial charging of the diode to its final 

value: 

or V C V = T 
T RT 

I 

and R C = T 
T T 

(5.17) 

In othe~ words, the time constant of the parallel 

RTC T drive should be equal to the diode minority carrier re-



FIGURE 5.9. 

v 

t 

v 
= IF R 

T 

sw 

Capacitor (C ) allows initial current overshoot 
T 

pulse with a high impedance source. 

combination lifetime T, for perfect' compensation. 

For Eq. (5.17) all of the charge in C was assumed 
T . 

to be transferred to the I region. C discharges through R 
T T 
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directly and has the resistance of external pulse circuit in 

series with the switching diode. Thus RT should be large and 

the external pulse circuit resistance, RS should be low. 

Normally, it is reasonable to allow these resistance to be 

moderate, and to adjust RTCT such that Qc > Qd' The extra 

current causes no problem in diode turn-on. Only if the re-

verse bias is near VBR does it cause a problem in the break­

down current which may flow after the charge is cleared out 

of the I region. 



lfuen RT and CT are used, diode turn-on is limited by 

the RC time constant C and the R composed of RT. For fast 
T s 

switching time diode turn-off is sped up by the circuit, but 
--
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there is a limit to the speed with which it can be turned-off. 

The circuit pulls most of the free carriers out of the I re-

gion quicklY, but to have high resistance the I region must 

be free of all carriers. 

If a transistor is to be used as a driver, its col-

lector current can be "spiked" by applying a step voltage to 

its base and using a parallel RC circuit in the emitter as 

shown ih Figure S.lO. 

v 

v 

v 
R 

~~~---------------r--___ t 

L....---l-___ t 

PIN diode 

c RC = T 

FIGURE S.10. Current overshoot circuit for a transistor 
driver. 
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Of course, such a dr~ver as the above cannot pass the 

reverse current that is necessary to quickly clear the stored 

charge out of the PIN diode. Therefore, following removal 

of the dri ve ,the charge would e-xponentially decay as shown 

in Fig. 5.5, giving a slow switching in the reverse bias 

direction. The obvious answer to this problem is to make the 

drive circuit symmetrical about ground such that it can be 

caused by a spiked current waveform in either direction. 

Such a circuit is shown in Figure 5.11. 

---..---~+v 

o c 

To store charge 

PIN diode 

o c. 
To clear charge 

-v 

FIGURE 5.11. Symmetrical transistor driver for PIN diode 
switch allows fast pulsing in both the forward­
and the reverse current directions. 

" 
The transistor stage that back biases the PIN diode 

faces somewhat different conditions from the one that forward 

biases does. Under forward-bias, the PIN diode presents 

quite a low impedance associated with a low voltage drop; 

therefbre, almost any desired current magnitude can be forced 

through it, even from a low supply voltage. In the reverse 
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current dir~ction, however, the diode starts becoming a high 

impedance before all of its stored charge is cleared out, 

thus the reverse current becomes limited and a longer time 

is necessary to get the remaining charge out. The transient 

reverse current \vave form become s limited by the high impedance 

of the diodes for instaneous reverse voltages above approxi-
\ 

mately 40 volts. The result is that the reverse current is 

independent of diode reverse voltage, and hence the rate of 

decrease of stored charge can not be further increased. This 

effect limits the minimum possible time that is required to 

get the diode to its RF open (zero conductance) state. For 

typical 400 ns, 200-volt diodes, this minimum time is 70-100 

ns for 40 volts reverse bias, and no amount of reverse drive 

will reduce the RF conductance significantly faster. This 

time is a function o,f diode breakdown voltage and lifetime, 

and can be made less than Ins for certain diode types. 
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CHAPTER 6 

EXPERIMENTAL RESULTS AND CONCLUSIONS 

Figure 6.1 shows the test set-up used to measure the 

isolation and the insertion loss of the microwave diode switch. 

This measurement technique is known as the "substitution 

method". The crystal detector is connected to the SWR meter 

by SO ohm cable. Table 6.1 presents the results of the mea-

surement of the characteristics for the switch ranging from 

2.4 GHz to 2.8 GHz. The performance of this switch is shown 

in Figure 6.2. Peak solution occurred at 2~6 GHz which is 4 

percent higher than the design frequency of 2.5 GHz. Some of 

the error in design frequency was caused by finite fabrication 

tolerances in the lengths of the stub to the diode. 

An analysis of the PIN diode has shown that this de-

vice will usually give much better performance as a microwave 

switch when used in dc bias operation. The PIN diode has 

several advantages over the other types of diodes. 

. . 
1. Its characteristics are quite insensitive to bias 

over a large positive or negative voltage range. 

In the small range about zero bias, the series 

resistance and reactance vary rapidly with change 
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I 
I 
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I 

RF I 

Generator ~ 
HP 8616 A : 

, I 

I 
I 
I 

~ 

- DC 
Bias 

Switch 

Attenuator 
0 . . . 60dB ~ 
10dB steps 

- -

--
-: 
I ... ~ 

I 
I X TAL SWR 
~ Detector r- Meter 
I HP 423 A HP 415 
I 

I 
Attenuator I 
0 ... lldBIJ 
1 dB steps 

FIGURE 6.1. The setup for measuring isolation and insertion 
loss. 

Bias 
Frequency 

(GHz) Isolation - dB Insertion Loss 
-5V + 10 rnA 

2.40 19.5 I 7 .5 

2.45 20 6 

2.50 23 5 

2.55 25 3.5 

2.60 25.5 3 , 

2.65 24 1.5 

2.70 21 3 

2.75 18.5 6 

2.80 18 7 

TABLE 6.1. Experimental results for the microwave diode 
switch. Isolation at -5V, insertion loss at 
+ 10 rnA. 
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E 



in the bias. 

2. ,The series resistance in both states is lower 

than for other type~ of diodes pres~nt1y avail­

able. 

3. It exhibits a lower capacitance. 

PIN diodes with lower Rand C are available in a 

standard package, hermetically sealed, and consisting of a 

ceramic body bonded to gold-plated metal lugs. 

For the transmission line, a microstrip line is pre-

ferab1e to a coaxial line or a waveguide as discussed in 
, 
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Chapter 3. Complete shielding is essential for most app1ica-

tions in order to reduce radiation loss and the coupling be-

tween different circuits. 

Microwave diode switch is developed in the SPST con­

figuration which has .good characteristics at the ~ing1e fre-

quency in S-band region. Its measured characteristics is 

indicated in Figure 6.2 and Table 6.1. With moderate bias 

'. of + 10 mA, minimum insertion loss ·1.5 dB and wi th -5V re-

verse bias, maximum isolation 25.5 dB are obtained. 

The switching speed of a PIN diode may be defined in 
... 

a'number of ways. Idea11y,-the time it takes the device to 

make the transition from the minimum insertion loss to the 

::"imunl isolation or vice versa. To switch a shunt diode 
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-
circuit from on to off we must inject a charge into the diode; 

to switch it from off to on, we must completely remove this 

charge = . When the fastest off to on switching speed is re­

quired, one should use the lowest steady state bias current 

. \ . 
that 1S cons1stent with the required isolation level. The 

less charge, the faster it can be removed. The switching 

speed of a PIN diode is a function of T. 

In summary, the designer must consider two major 

points which affect the speed of a switching circuit: the 

lifetime of the diodes and the magnitude and rise time of the 

switching pulse. 

30 Cf) 

r-l 

Iso 1ation (!) 

..D 
Cf) 'M 
r-l U 
(!) (!) 

~ ..D 20 'M 
U 
(!) 

Cf) 
~ 

I 
Cf) 

r:: 0 

0 6 ....:l 
'M 10 
.j.J r:: 
ttl +10mA 4 0 
r-l .r:-! 

0 +J 
Cf) 2 ~ 

H 
(!) 
Cf) 

0 loss 0 r:: 
H 

2,4 2.5 2.6 2.7 2.8 

Frequency - GHz 

FIGURE 6.2. Performance of the stub switch. 
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APPENDIX A 

PHYSICAL CONSTANTS AND OTHER DATA 

A.I. PHYSICAL CONSTANTS (12) 

Permittivity of free space E = 8.85 x 10 -: 14 P/cm 
0 

Permeabi1i ty of free 
- 9 

H/cm space 110 = 4 'IT X 10 

Impedance of free space Zo = 376.7 ::: 12 o 'IT Q 

Velocity of light C = 2.998 X 10 10 cm/sec 
., 

10- 19 
Charge of electron q = 1.602 x C 

_ 3 1 

Electronic rest mass mo = 9.11 x 10 kg 
) 

Plank's constant h = 6.63 x 10 
- 3 4 

J.sec 
~ 

0 10- 8 - 3 
1 A (angs trom) = cm mi IIi -, m- = 10 

(micron) 10- 4 -4 
1 11m = cm micro-. 11- = 10 

1 mil = 10- 3 
in. nano -, n- = 10 

-9 

-2.54 cm = 1 in. pico-; p- = 10- 12 

1 eV = 1.6 x 10,- 1 9 J ki 10- , k- = 10 3 

mega- , M- = 10 6 

gi ga- , G -= '10 9 

, 
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A.2. D I ELECTRI C MATERIALS USED FOR MI CROSTRI PS LI NES (13) 

Material Dielectric Loss Useful Temp 
Constant Factor range, °c -

-, 
Woven 2.55 .0015 -60 to +200 

Microfiber TFG - 2: 33' .- . -.. 0005 -60 to +200 Duroid 5870 

Duroid 5880 2 ~ 2 .0006 -60 to +200 

Polystyrene 2.53 .0003 -60 to +200 

Reinforced 2.62 .002 -60 to +200 

Polyphenelene 
2.55 oxide, PPO .0016 -60 to +200 

Polyolefin 2.32 .00015 -60 to +200 

Quartz Teflon 2.47 .0006 -60 to +200 

Polymide, Micap1y 
4.8 .01 -60 to +250 5032 

Epsilam -10 10.0 .002 -60 to +150 

99.5% alumina 9.9 .00008 up to 500 

Quartz (fused silica) 3.78 .0001 up to 500 

Sapphire 9.4 .00008 up to 500 

99.5% Be 0 . 6.6 .0004 up to 500 

Boron nitrid 4.4 .0003 up to 500 
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APPENDIX B 

SEMIRIOGOROUS SOLUTIONS FOR--I- LAYER 

RESISTANCE 

The derivation is simi1iar to that given by Leenov 

(14). The parameters are derived from an abrupt junction mo­

del shown in Figure B.1. The resistance of the I layer can 

vary over a wide range depending on the densities of injected 

carriers throughout the I"region at forward bias. Before 

attempting a solution for ~his resistance, let us first state 

the simplifying assumptions to be used: 

o 

(1) the same diffusion coeffitient for holes and elec­

irons in the I layer (D = 2" DpDn/Dp+Dn = ambi-

polar- diffusion coefficient) and Tn = Tp = T. 

"/14-0 
-:- W ----1'1 

--=r 
-x/L -x/1 

~n 
-W/2 0 W/2 

""p(x) = n(x) ... 

a(x)=q[J.lp.p(x) +J.l~·n(n)J 

1 
RI = A 

+W/2 
f 

-W/2 

dx 
a (x) 

FIGURE B.1. Abrupt junction model. 



(2) Quasi-neutrality, i.e., p(x) = n(x), and hence 

a fa = a fa . n x P x' 

(3) The hole current at the P+I inter£ace consists 

entirely of hole current _and a _similarly._ situa-
, 

tion occurs for electrons at the N+I interface; 

and 

(4) injection of electrons intp the P+ region and 

holes into the N+ region may be neglected (th~s 

is a requirement of 3). 
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The equations for the continuity of hole and electron 

current are given by 

where 

p-p. 
1 l.. aJp 

q ax 
+'--

1 aJ~ .. 
+ 

q ax 

n-n. 
1 

T 
n 

ap 
IT 

= an -at 

p = p (x) hole density distribution 

n = n(x) electron density distribution 

J p ' I n hole, electron current, respectively 

Pi' n i = intrinsic carrier concentration 

(B .1) 

(B.2) 

The components I and I are related to the carrier concen-p n 

tration, 



'r 
dp) J = --.E. = q (l1p P E D 

P A p- ax (B.3) 

r 
dn) I n 

n 
(l1n n E .f- D = = q 

A 
n ax (B. 4) 

where E = electric field and D = 2D D /D +D (a result of p n p n 

assumption (1) above). 

Combining Eq. (B.1) to (B.4), we can write, 

an + ap (n-ni ) (p -Pi) 
+ D a2 n + D a2 p = -at at 

T ax 2 ax 2 
T 

+ a [(n-p) EJ (B. 5) 11 ax 

Since E will be small in a heavily injected region and also 

since n=p, the last term on the R.H.S. of Eqs. (B.S) may be 

dropped. Since n=p we can also convert Eq. (B.S) to: 

an n-n· a 2 n 1 
D at = - -- + --

T ax 2 
(B.6a) 

or 

. ap p-p. a 2 p = 1 
+ D at - --

T ax 2 
(B. 6b) 

and, in the dc steady state, an/at = ap/at = O. Hence, and 

ifn and p are much larger than n i and Pi (which is ·the de­

finition of conductivity modulation), we can write: 

=0 (B.7a) 

113 



114 

a2p - L = 0 (B. 7b) 
ax 2 L2 

where L = In; = diffusion length. Eq-uations (B. 7 a) and 

(B.7b) are the so called steady-state diffusion equations, 

and theirsolu:tion (satisfying a given set ofbounda-rycond:i:­

tions) defines the carrier distributions in the I region. 

The coordinate sys tern to be used is s,hown in Figure B .1. 

Since n(x) = p.(x) , it·is sufficient to solve either Eqs. 

(B.7a) or (B.7b). The equation is a simple second-order dif-

ferential equation, and the solution is known to be of the. 

form: 

n(x) = A1 exp (+ ~) + AZ exp (- ~) (B.8) 

Due to the double injection, finite diffusion length, and 

assumption (1), we expect n(x) to be minimum at x=O, i.e., 

dn(x) 
dx 

x=O 

= 0 (b.9) 

This requires that Al = AZ' Therefore, Eq. (B.8) can be 

written 

n(x) ·z A cosh (x) 
.1 L (B.lO) 

At x = W/Z we require 
I 



nCx) I 
) x=W/2 

W = n (2) 

a boundary condition. Applying this boundary condition to 

Eq. (B. 10), we ge t : 

n(x) = n(W/2) . cosh(x/L) 
cosh(Wj2L) (13 .11) 

Therefore, once the value of n at x=W/2 (N+I interface) is 
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known the carrier distribution in the I-region will be given 

by Eq. (B.11). 

The solution for n(W/2) proceeds as follows, at 

x = + W/2, J =0 (assumption 3). Hence, from Eq. (B.3) 
P 

or 

J p = 0 = q (]J p E - D ~). 

]J P E = D dp 
dx 

(B. 12) 

(B .13 j 

From Eq. (B.13) and (B.4), the continuity current, and re­

calling that p(x) = ~(x), it follows that 

J ·A 
n 

x=W/2 

dn = 2 q D A dx (B .14) 

where 10 = bias current and A = area of the I layer. Diffe­

rentiating Eq. (B.11) to get dn/dx and solving Eq. (B.14) 

for n(W/2), we get 
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W I L_ cosh (W / 2L) 
0 

n(Z) = 
2 q D A sinh(W/2L) 

(B .15) 

Substituting this result into Eq!o. (B.11), we have 

p(x)- == n(x) - = 
10 L cosh (x/L) 

(B .16) 
2 q D A sinh (W/2L) 

This is the carrier distribution we h~ve been seeking. The 

carrier dens~ties are seen to depend on the bias current den­

sity, Io/A, and the ratio W/2L (I-region width divided by 

twice diffusion length). 

-The resistance of the I layer may be calculated from 

1 
+W/2 dx 

RI = A J 
a(x) 

(B .17) 

-W/2 

where 

a(x) = q 11 [n(x) + p (x) ] = 2 q 11 n (x) (B .18) 

RI may be found by sub sti tuting Eq. (B .17) in to Eq. (B .18) 

and carrying out the integration (15). The result is: 

_ 2(kT/q) 
RI - 10 . sinh - 1 [ W tan sinh (2L)J (B.19) 

when W/L < 1, Eq. (B.19) approaches form previously obtained, 

1 
lOT 

(1.14 ) 
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APPENDIX C 

'ABCD " MATRI CES 

Conventional loop and nodal analyses are convenient 

for circuits comprised of all lumped elements. However, when 

distributed elements (transmission l~ne elements) become mixed 

with elements, method of calculation using matrices are more, 

convenient. The~well-known matrix methods are impedance ma­

trix (Z), admittanc~ matrix (Y), wave cascading coefficient 

matrix (r), generalized circuit constant ,matrix (ABCD), and 

scattering matrix (S). Of these types of matrices, two stand 

out as most useful for microwave circui ts. Measuremen ts are 

most often made in terms of S parameters. Sll is identical 

to f, the voltage reflection coefficient, and the basic para­

meter of the Smith Chart. Calculations are most easily made 

using ABCD matrices, because: (a) lumped elements and trans­

mission line elements are related to the matrix elements quite 

simply; and (b) elements are cascaded simply by multiplying 

their matrices. 

Beaty and Kerns (16) give the definitions of and inter­

relationships b~tween the various matrites even when input 

and output impedances are equal. The more restrictive case 

given here is adequate for most problems and is ~ll that is 



required for the-derivations presented in this section. The 

over~ll input and output impedances are assumed to be equal. 

The terms of the ABCD matrix are defined in Figure C.1. A 

is the vOltage transforming term! D, current transformer; B, 

a series impedance term; and C, shunt admittance. 

i 2---

B 
Zo - ::'\ ~ t v 2 -Z· 

D o· 

SUMMETRICAL: A-= D 

RECIPROCAL: AD - BC = 1 

LOSSLESS RECIPROCAL: A and D - REAL, 

Band C - IMAGINARY 

. I 
fIGURE C.1. ABCD matrix definition. 

(C .1) 

(C.2) 

(C.3) 

(C.4) 

(C. 5) 
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The representation of various elements by ABCD matri­

ces is given in the upper half of Ffgure C.Z. Z and Yare 

complex num~ers. A Lossey transmission line may be represen-
--

ted either by using hyperbolic functions or by putting the 

appropriate attenuator next to each lossless line. 

The relationships permitting SBCD to be converted to 

S parameters are given in the lower portion of Figure C.Z. 

The main terms of interest are SZl and Sll. Attenuation is 

given by 

a = ZO Q,og \_1_\ 
SZl 

(C.10) 

Using normalized ABCD. The transmission phase shift is given 

_1 ~I~/A+B+C+D)j 
<P - - tan 

Re (A+B+C+D) 

The reflection coefficient is given by Sll 

r 

From this can be calculated the VSWR, 

s = 
1 + \ r \ 

1 - \ r \ 
= 

(C.11) 

(C.1Z) 

(C .13) 



Series 
Impedance: z 

• G-O -----00. 

Shunt ~ 
Admi ttance ~ r 

o I 

INPUT REFLECTION 
COEFFICIENT 

REVERSE VOLTAGE 
TRANSFER COEFFICIENT 

FORWARD VOLTAGE 
TRANSFER COEFFICIENT 

OUTPUT REFLECTION 
COEFFICIENT 

S12 

S21 

S22 

Q 

= 

= 
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General ABCD Normalized ABCD 

C J'. c z~zj 

G :] ~Yo : J 
A+BY -CZ -D o 0 

A+BY +CZ +D o 0 

.2(AD - BC) 
A+BY +CZ +D o 0 

\ 

2 
A+BY +CZ +D o 0 

-A+BY -CZ +D o o· 
A+BY +CZ +D o 0 

A+B-C-D 
A+B+C+D 

2 (AD- BC) 
A+B+C+D 

2 
A+B+C+D 

-A+B-C+D 
A+B+C+D 

(C.6) 

(C.7) 

(C.8) 

(C.9) 

FIGURE C.2. ABCD matrix relationships. 



APPENDIX D 

GENERAL PURPOSE DIODES ELECTRICAL 

SPECIFICATIONS AT T A ==- 2SoC -(17)-

~ 

Part Maximum Minimum Maximum Minimum 

Number Total Breakdown Series Effective 

5082 Capaci tance Voltage Resistance Carrier 
CT (pP) - VBR (V) R (Q) Li fetime s 

T (ns) 

GENERAL PURPOSE SWITCHING 

3001 0.25 200 1.0 100 

3002 0.2 300 1.0 100 

3005 0.25 150 o .8 400 

SOLDERING CONDITIONS 250°C 5 sec 

I 
PAST SWITCHING 

3040 0.30* 70 0.8" 15 

3041 0.30* 70 0.8 15 

3042 0.4* 70 1.0* . 15 

-
3043 0.4* 50 1.5* 15 

SOLDERING CONDITIONS 230°C 5 sec 
'-. 

Test VR=50 VR=VBR I F=100mA Ip=50mA 

Conditions *VR=20 Measure *I F=20mA I R=250mA 
-

f=lMHz I R~10~A f=100MHz 
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Maximum 
Reverse 
Recovery 

Time 
trr(ns) 

100 

100 

100 

• 

5 

5 

5 

10 

I F=20mA 

VR=10V 
I 
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TYPICAL PARAMETERS_ 

,---. 

~ 
'--' 

.;.J 

I=! 
(]) 

H 
H 
;::l 

U 

'lj 
H 
ttl .1 ::: 
H 
0 

r.r.. 
.01 

0 

5082·3001.3002 
-- 3039.3077. AND 

HPND-4165/-66 
IN5719 

.6 ·.8 1.0 

Forward Voltage. (V) 

1.2 

Forward Bias Current (rnA) 

Fig. D.1. Typical forward 
current ve. forward voltage. 

Fig. D.2. Typical RF resistante 
vs forward bias current. 

1.0 

.5 

lS082.3042/43 

5082·3039, 
HPND-4165166 
IN5719 .... 

. r82.3r1/02 

10 30 40 50 60 

Reverse Voltage (V) 

70 

Q) 

> o ,---. 

3o,-------.--------.--------, 

20r-·------~------_4--~--~ 

15 

U rIl 
(]) ~ 10~----~+_~~--4_ 
p::,--, 

5 

°OL--~--~10~--L---~~----L-~30 

Forward Current (rnA) 

Fig .. D. 3. Typical capaci­
tance vs reverse 

Fig. D.4. Typical reverse re­
covery time vs forward cur­
rent for various reverse 

~ ____ ~ ____ ~d~rrl~·v~i~n~g~vo1tages, S082, 
1000 -= 5082.3001 30 4 2, 30 4 3 

voltage. 

3002 
3039 
3077 

>­
H 
Q) 

> 
0,-... 

IN5719 
__ ~FIG. D.S. Typical 

U til 
(]) ~ 
P::'--'IOO~------~~~----~~~----~ 

(]) Q) 

rIl E; 
H·.-{ 
Q) .;.J VR : 20V 

> 
Q) 

P:: 
. I 

10 0 10 ~ 30 

Forwa rd Curren t (rnA) 

Reverse Recovery 
Time vs Forward 
Curren t. 



PACKAGE OUTLINES 

,A' . 
. 0.88 (!!m§) 

0.14 (0.0291 /. 
~ 

1.11 (0.0441 . 
~-:96 (0.03S1 

Outline 50 
HP 3005 

~:~!::~:::II 

rI 
.. MIN • 

::~:::::1· . t~ 

CATHODE"-.. 

4.32 (.1701 
3.81 (.1501 

~!i!!iiI t 
~~ 

Outline 15 
HP 3001 

All Dimensions in Millimeters and (inches) 

Drawings are not to Scale 

NOTES: 
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1. Handle with grounded tweezers and grounded bonding 

equipment. These diodes are pulse sensitive and 

may be ,damaged by electrostatic charges. 

2. Use standard thermocompression bonding techniques. 

Ultrasonic bonding is not recommended. 

3. Either ultrasonic or thermocompression bonding 

techniques can. be employed. 

4. Reverse polarity. Anode is the bottom contact 

and the cathrod~ is the top contact. 
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