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Some Designs of X;-Band Diode Switches

R. N. ASSALY

Abstract—X;-band waveguide switches, using PIN diodes for
the switching elements, were developed in the SPST, SP2T, SP4T,
and SP8T configurations. At the frequency of 7.75 GHz, for which
they wete tuned, they exhibited insertion losses on the average of
0.1, 0.4, 0.6, and 1.1 dB, respectively. In all cases, the signal going out
of each switch port when turned OFF decreased in excess of 29 dB. The
bandwidth of each switch, whose values are indicated, is narrower for
the switch which has the larger number of ports or which contains
diodes of lower capacitance. Semiempirical formulas are developed
which predict performance characteristics of the SPST switch in
particular.

]. INTRODUCTION

ICROWAVE SWITCHES, which are operated
é w Bg by the action of diodes, are used increasingly in

microwave systems because of their valuable
advantages of light weight and low driving (or bias)
power. In the X-band region, only SPST switches are
reported in the literature [1|-[10] (to this writer’s
knowledge) and a few SP2T and (special-order) SP4T
switches are available commercially [11]. The limita-
tions encountered in the design of the multithrow
switch are primarily due to RF losses. The switch, in
essence, consists of a number of SPST units mounted
in a transmission line junction, and its loss is the com-
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bined loss of all the SPST units as well as the junction.
Those SPST switches that were reported had insertion
losses in the ON state in excess of 1/2 dB and generally
about 1 dB. In the OFF state, insertion losses ranged as
low as 20 dB (which also represents a loss in the multi-
throw switch). Some high insertion losses have been
achieved but at the expense of bandwidth or high inser-
tion loss in the oN state. To design a multithrow switch
with good characteristics is contingent upon the de-
velopment of an SPST unit with correspondingly better
characteristics in both the ON and OFF states.

The switches in this paper were developed for a spe-
cific application where they had to give their best per-
formance at 7.75 GIz in the X z-band region and had to
have a broad bandwidih. However, this should not
limit their usefulness, for the principles set forth are ap-
plicable in general.

The SPST switch will be described first, followed by
the SP4T, the SP2T, and the SP8T switch. Before the
switches could be developed in detail, however, it was
necessary to make educated guesses as to which basic
designs would produce the best characteristics, as will
be outlined in the following section. The descriptions in
this paper are for the small-signal application. Measure-
ments to determine the dependence of a switch char-
acteristic on the RF power level or the power limitations
will not be reported.
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II. PrRELIMINARY CONSIDERATIONS

The initial activity was to design an SPST switch,
a two-port device in which the power would be reflected
with minimum loss in the OFF state, and would pass
through with minimum loss in the oN state. This is
equivalent to an impedance shunting a transmission
line that changes from one of very low magnitude to one
of very high magnitude. Next, # of these switches were
to be incorporated in an (z+1)-port device which
would constitute an SPnT switch. The one port not con-
taining a SPST switch would be the input. One switch
would be oN, and the other (#—1) switches would be
OFF.

A diode can be represented by an impedance with
resistive and reactive components. Their values change
with bias, and for the two biases that shall be used, the
impedance shall be ascribed values R.+;jX, and R;+7X.
For low power loss, the values of the R’s must be small,
and at this point shall be assumed small. If we add a
series reactive component

X, = — X, (1)

at one bias the total impedance is R;. Its value is low
and thus can be used for the OFF state. For the other
bias, the impedance is R;,+j(X;—X,). If we add a
parallel reactance

X, = — (Xy = Xy), )

the net impedance is high and can thus be used for the
oN state. If the total network is placed across a trans-
mission line of characteristic impedance Z,, we obtain
finally the circuit of Fig. 1. The box labeled “diode”
would represent not only the diode crystal itself but
also the reactance of the diode leads and any structure
supporting it. The elements external to it are devices
added purposely to obtain the desired impedances.

In the OFF state, the input impedance is given by

—_— oy, 3
Zw. R, jX;y—X,) + Zo 3)

For small R,,

ZLT ~ Rr (4)
and the standing-wave ratio is approximately
Zo
r o~ — S
R ®)
In the on state, the input impedance is given by
1 1 1 1
= - +—- ©
Zu R+ i(Xr— X)) X=Xy Zy
For small Ry,
1 R; 1
(7

._g—_—_}_._
Zy (X — X)) Ze

and the insertion loss, the ratio of the power propagat-
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ing past the network to the power incident on it, is
given approximately by

1
IL;~ . ®)

R:Z, T
P —
iy

Next the networks are combined with a junction to
produce the circuit of Fig. 2. If the networks are placed
an odd number of quarter wavelengths from the junc-
tion, the impedance of Z;, is Zy2/R, at the junction.
There are (n—1) of them in parallel, and the insertion
loss due to them is

1
1IN~ : (9)

[:1 =) ZJZT

Multiplying with the value of IL at the second imped-
ance Zry, (8), the total loss is given by

1
R/Z,

{[1“”‘” % [Hm} 2

TLp~

(10)

d
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Fig. 1. The diode network across a transmission line. In the OFF
state, Rg=R, and Xys=X,. In the oN state, Ru=R; and Xq

=X
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Fig. 2. The SPnT switch utilizing an idealized junction. The
diode networks are an odd number of quarter wavelengths
from the junction.
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It should be noted that this result shows that the loss in
the SP#T switch depends only on the insertion loss of
the SPST switch in the oN state and on its standing-
wave ratio in the OFF state.

The ideal value of /Ly is one (that is, there is no power
loss). To approach this, R, and R; should be small and
| X;—X,| should be large. The remaining parameter Z,
has an optimum that is found by differentiating (10).
The approximate solution is

R
| X, — X, | 4/(”*‘ 1);{]'

If (11) is substituted into (10), one obtains an opti-
mum value for ILy which depends only on the char-
acteristics of the diode. Let us now consider the diode,
specifically the PIN type, which exhibits better char-
acteristics than other types for this application.

On reverse or negative bias the diode draws very little
power and because all but one diode in the switch is in
the OFF state, reverse bias is chosen for these diodes
and the switches designed on this basis. The power then
needed to operate a switch will be taken almost entirely
by the single diode in the ON state where the bias is
forward or positive. A second reason for this choice will
be seen in the method of tuning described in Section I11.

On reverse bias,

Lo

(11)

1
X, ~wl — —

wC (12

where L consists of the inductances of the diode leads
and C consists of the capacitances of the semiconductor
junction and the diode case.

On forward bias,

X ol (13)

since the capacitance is now shunted by a low resistance

causing its effect to be negligible. Both resistances R,

and R; may be of the order of 1 or 2 ohms at X-band.
The factor fo—XT then has the value

1% - ] =
i ‘T_wC

(14)
Thus, to have a large value of | X;—X,|, we want a
small value of C. At present, the value of C is limited to
about 0.3 pF. The diodes used in the switches described
later had values of C ranging from 0.30 to 0.46 pF. At
f=17.75 GHz, the corresponding value of ’X;—XT is
70 to 50Q. If we assume values of 60Q for | X;—X,| and
1.5Q for both R, and Ry, values found for the total loss
for different impedances Z, using (10) are given in
Table [ in three sets. The first set is for the optimum
value of Z,, given by (11). The second set is the loss for
Z3,=060Q, and the third set is for Z;=360Q, the V171
characteristic impedance of standard WR-112 wave-
guide at f=7.75 GHz. As will be seen from the experi-
mental data, these values are somewhat optimistic.
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TABLE 1
THEoRETICAL LOSSES OF THE SPnT SwiTCH FOR VARIOUS
VALUES oF CHARACTERISTIC IMPEDANCE Z,

” Z Tnsertion Zy Insertion Zy Insertion

(ohms) Loss (dB) | (ohms) Loss (dB) | (ohms) Loss (dB)
2 60 0.22 60 0.22 360 0.65
4 104 0.37 60 0.43 360 0.68
& 159 0.57 60 0.84 360 0.75

Some attention shall now be given to the bandwidth.
In altering the frequency, the relevant parameters that
change are the reflection coefficients at each OFF diode
network, the insertion loss of the oN diode, and the
separation in wavelengths of the diodes from the junc-
tion. Without actually determining the total effect of
these changes, it is more pertinent to ask what can be
done to minimize each of them. For this aspect of the
problem, resistances shall be neglected. Also the condi-
tions expressed in (1) and (2) shall now be taken to hold
at one specific frequency w=ws.

Referring to Fig. 1, the reflection coefficient can be
found:

1
= — —— 15
1459, (13)
where
2 X, XX
= — ;gi_)__p_ . (16)

T Z X, + X, + X,

The change of T from the ideal value of 1 with the
change of frequency from resonance can be inferred
from the differential

s,
P .
By differentiating (16) and substituting (1) and (12),
we get
aQ, _ ~2—<L " 1 i dX, > an
dw lo—w, 2o woC Ao | o,

All the terms of this equation are positive (dX,/dw can-
not be negative, a result of Foster’s reactance theorem
for a lossless network). Hence, each term must be small
if Q, is to stay small with a frequency change. Or we
want a small L, a large C, a small dX,/dw, and a large
Zo. As we saw earlier, the higher C gives the higher
switch loss. The choice of ¢ must depend on the relative
importance of loss and bandwidth. The magnitude of
dX,/dw depends, of course, on the hardware, but it may
be noted that if the diode is nearly self-resonant, then
X.and dX,/dw can be made small.

For the diode in the ON state, the insertion loss is

ILy

= Tra (18)
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where
_ Zo X;+ X, + X,

=20 19
7T (X + X)X, (19)

Just as before, the net change of I'Z; from the ideal value
of one with the change of frequency from resonance can
be inferred from the differential

dsly

dw | omwy

By evaluating this and substituting (1), (2), (12), and
(13), the results indicate that C and dX,/dw should be
small. However, as we shall see later, this diode has
considerably less effect on narrowing the bandwidth
than do the diodes on reverse bias.

If the diode networks are placed a distance s from the
switch junction, s should also be small, but should
be nominally an odd number of quarter wavelengths.
Also the transmission line cutoff frequency should be
minimized.

Considering all the parameters that change with fre-
quency, the effect of most of them is to give rise to sig-
nal reflections, which in part propagate back through
the input port of the switch as well as alter the signals
in the OFF ports. One may suppose that with an ap-
propriate switch design, they can be matched and, in
this sense, the energy is not lost. This is not the case
for the diodes in the OFF state. There, the fraction of
the energy that is not reflected, as implied in (15), is
truly lost and therefore the major concern is the terms
of the equation.

Having estimated the characteristics of a switch,
reasonable choices could be made for the diode and the
transmission line type. The PIN diode has several ad-
vantages over other kinds.

1) Its characteristics are quite insensitive to bias
over a large positive or negative range of bias. In
the small range about zero bias, the series resist-
ance and reactance do vary rapidly with change in
bias.

2) The series resistance in both states is lower than
for other types of diodes presently available.

3) It exhibits a larger | X;—X,| value.

PIN diodes with lower R and higher | X;—X,| (that is,
lower C) are available in a standard package, hermeti-
cally sealed, and consisting of a ceramic body bonded to
gold-plated metal lugs. This body is 0.062 inch long by
0.080 inch in diameter.

For the transmission line, a waveguide is preferable
to a coaxial line or a strip line for at least two reasons—
its losses are less, and a diode shunting the waveguide
will have both its terminal lugs relatively more accessi-
ble. In choosing the waveguide, its walls must be spaced
roughly the length of the diode body or the diode must
be supported at the end of the post. This second choice
is undesirable because of the inductance introduced by
the post, with due respect to the results inferred from
(17). Furthermore, the impedance of a narrow-height
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waveguide is nearer the optimum value given by (11).

Lastly, we would like to reduce the cutoff frequency.
There are two ways to do this——the wide dimension of
the waveguide may be increased, or a ridge guide may
be used. The second alternative gives a little more free-
dom in the choice of impedance and cutoff wavelength
if the separation of the waveguide walls at its centerline
is restricted.

111, Tue SPST SwritcH
A. Description and Performance

The SPST switches that were constructed and tested
have the cross section shown in Fig. 3. The transmission
line chosen is a ridge guide with inside dimensions 1.122
by 0.125 inches, where the ridge is 0.378 by 0.051 inche.
The gap at the center of the guide is about the same as
the length of the diode body. The 0.378-inch dimension
was chosen to give close to the lowest value of cutoff
frequency, the other dimensions being fixed. Based on
the equations given in the article by S. Hopfer [12],
the guide wavelength at 7.75 GHz is 1.847 inches. The
V-I characteristic impedance, based on the article by
T. G. Mihran [13], is found to be 56.3 Q at 7.75 GHz,
which is near the desired optimum. Again from Hopfer,
the attenuation is found to be 0.41 dB/m for an alu-
minum guide.

To provide the series reactance X, a coaxial trans-
mission line is used which is shorted at one end, and
whose center conductor supports the diode at the other
end. The reactance X, is then the reactance of the
coaxial line at the diode:

wl

Xs = Zoc tan —
4

(20)

where [ is its length, and Zy, is its characteristic imped-
ance (which is 31.4 Q for this geometry). If dX,/dw is
to be small, in accordance with the bandwidth consid-
erations, length [ must be small. The reactance X, must
then be small, and furthermore must be positive. Then
for resonance in the OFF state, the diode reactance X,
must be negative. Since this is possible only for reverse
bias, the second reason for designing the switches to
have the oFF diodes on reverse bias is established. [t is
also apparent that there is an upper limit on the diode
capacitance, since if it is too large, the total reactance
of the diode becomes positive. Restating all this, for a
broader bandwidth, the diode should have a self-
resonance at a frequency above the design frequency
but near it.

To allow for variations in diode characteristics, the
coaxial line must be variable in length. This is made
possible by a 00-96 screw that travels up and down the
channel between the inner and outer conductors and
shorts one to the other. The end of the screw effectively
defines the position of the shorted end of the coaxial line.

To provide the parallel resonance on forward bhias,
reactance X, must be negative. This is obtained by a
capacitive iris located in the waveguide at the plane of
the diode. The gap between the iris and waveguide wall
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was adjusted to produce the best match at 7.75 GHz
using the same diode with which the detailed measure-
ments described below were made. It was found that the
iris need not be adjustable, that it was unnecessary to
make it tunable for there is not sufficient variation in
characteristics from one piece to the next.

One more notable item is the coupling-RF choke ar-
rangement used. It couples the bias to the diodes and
keeps the RF leakage at a sufficiently low level that the
increase in the losses is negligible. It consists of two ra-
dial transmission lines in series, each nominally a
quarter wavelength long. The first radial line has a very
low characteristic impedance because of the small spac-
ing between conducting surfaces, and the second has an
impedance an order of magnitude larger. Rough mea-
surement of the leakage showed it to be at least 50 dB
down from the power flowing to the switch.

Figure 4 shows the switch with the diode and capaci-
tive iris visible.

BIAS INPUT
DIODE

TEFLON
/ GASKETS
7 7

7%

NYLON SCREW \Ah

WAVEGUIDE
CAPACITIVE
IRIS

«——— RESONATOR ( a coaxial
transmission line )

LOCK NUT
TUNING SCREW

Cross section of the SPST switch at the diode.

Fig. 3.

Fig. 4. Loocking inside the SPST switch.
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Figure 5 presents graphs of the measured charac-
teristics of such a switch using a PIN diode obtained
from a manufacturer who quoted the characteristics:
total capacitance at —50 V, 1 MHz—0.34 pF, series
resistance at +100 mA, 500 MHz—1.08Q.

(For all switch measurements given in this report, the
biases are —70 V for reverse bias and 435 mA for
forward bias. Preceding the measurements of a switch,
the 00-96 screw at each diode is adjusted so as to mini-
mize the signal propagating past the diode in the OFF
state. In all cases, this adjustment is made at 7.75 GHz.
This procedure will henceforth be referred to as “tuning
the diode.”)

. 30
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Fig. 5. Measured characteristics of an SPST switch, where the
circled points indicate values calculated on the basis of the semi-
empirical theory described in the text. (Diode characteristics:
0.34 pF, 1.08 Q. See text.) (a) Reverse bias. (b) Forward bias.
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B. Relating Experiment to Theory

It is of interest to check the measurements with the-
ory. Or more practically, it is useful to have a set of
equations that predict the performance of a switch for
different diode characteristics. Also, an application of
this theory is that it can be employed in attempts to
predict the behavior of the SPnT switch by combining
the SPST characteristics with those of the switch junc-
tion.

In terms of the parameters of the network shown in
Fig. 1, and without any approximations,

[ (1 = b)° + (59)? ]'
# o p? (1 — b2 + (b0)? + 2

bp bp -+ x
cexpj| tan™! —tapt——m—— > 21
Xp]( 1 — bx L—bxtp (U
and
¥% + p?
- P . (22)
w? + p* + (1 — bx)? + (bp)? + 2p
where
X, + X,
g =21 , (23)
Zy
y Ra (24)
p = Zo ’
Zy
b= — ’ (25)
2X,

and the reactance Xg4 is given by (12) or (13). These
equations are applicable for either bias, and appropriate
subscripts 7 or f will be added when referring to one bias
only.

The condition for resonance, reverse bias, is now

x = %0 = 0. (26)
Equations (21) and (22) reduce to
1+ (bp,)?
| Ty |2 = (bo.) @7
1+ p)* + (bpr)?
and
Iy = o (28)

(L4 p)? + (o)

The resonant condition for forward bias, if satisfied,
would be
1

X = gy = — -

5 (29)

The reactance X, is prespecified but x4 can have dif-
ferent values depending on the diode and hence (29)
does not necessarily hold.
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There is not enough information about the various
parameters involved to check the experimental results
with the equations above. On the other hand, it is im-
possible to choose parameters that fit the experimental
results to the equations in all respects. However, by
suitable manipulation, it was possible to get some cor-
respondence. With this success, it was found that one
could predict some of the performance of this type of
switch for any diode using the value of capacitance
quoted by the manufacturer. This will now be put forth
in detail with respect to the characteristics plotted in
Fig. 5.

The theoretical values of Zy, Zy,, and X were used in
this analysis. It turned out to be somewhat more diffi-
cult to determine the value of the reactance X, as well
as its dependence on the frequency. Initially, values
were found by measuring the standing-wave ratio of
the switch with the diode absent, the assumption being
that only the capacitive iris would be seen by the RF
signal. From this measurement, the value derived for &
was 0.44, remaining approximately constant over the
frequency range. At first, this value was used in the
reverse bias analysis. Then going to the forward bias
case, the calculated VSWR uniformly increased from
1.14 at 7.55 GHz to 1.28 at 8.45 GHz, indicating only
fair agreement. By choosing X, to have a form

1

X, = —
? wCp

(30)

where C,=0.28 pF, good agreement was then found in
the forward bias case and proved to have little effect
on the analysis for the reverse bias case.

At resonance, for reverse bias, the insertion loss
measured 28.6 dB. By (28), the value of p, is then 0.039,
Equation (27) indicates that ]I‘Tol should then have the
value 0.96 and hence the standing-wave ratio 7,.,=34.4
dB. However, 7,4 measured 31.0 dB. To justify this
discrepancy, it was assumed that there were line losses
between the diode and the point of measurement of the
standing-wave ratio. Then, if this loss amounts to 0.08
dB and with R,=1.09 Q, (27) and (28) give values in
agreement with the experiment.

I.et us now consider what happens at a frequency not
at resonance, say 8.35 GHz. At 8.35 GHz, the insertion
loss measured 6.5 dB. Then, by (22), x,=0.46. Equa-
tions (23), (12), and (20) relate x to L, C, and w. The
values of x, are now known for two values of w, and
hence the two simultaneous equations can be solved for
L and C. The length [ is needed and measures 4.0 mm.
Hence, L=1.10 nH, and C=0.265 pF. The inductance is
near the value, 0.9 nH, quoted by the manufacturer,
and any difference can be accounted for in the structure
supporting the diode. The capacitance is somewhat
lower than the quoted value, 0.34 pF, for several possi-
ble reasons: 1) the frequency at which the manufacturer
measured C is different, 2) the theory is too inaccurate,
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and/or 3) the capacitance is partly shielded by the
walls of the waveguide. If the calculated values are
accepted, the characteristics 7, and IL, can be deter-
mined for any other frequency. The circled points in
Fig. 5(a) are some of the values calculated from (21)
and (22) taking into account the effect of the postulated
line loss. The agreement is very good (understandably,
because, in a sense, the curves were “fitted”).

On forward bias at resonance, xy can be calculated
from (23), (13), and (20) where all the parameters are
now known. IL; measures 0.975 (0.11 dB); hence to
satisfy (22) and (24), R,;=1.8 Q. Here it was assumed
that there were no line losses. If the resistance is taken
as 1.1 @, the value quoted by the manufacturer, a line
loss of 0.036 dB is needed to account for the total loss.
As it works out, it makes little difference which situa-
tion is assumed in calculating the insertion loss or
VSWR at any frequency. The circled points in Fig. 5(b)
are the calculated values using (21) and (22) and the
form of X, given in (30).

We have now reached a point where we would have to
kknow the dependence of the characteristics on the diode
capacitance. By tests with other diodes, it was found
that if 0.075 pF were subtracted from the value quoted
by the manufacturer and the value L.=1.10 nH used in
all cases, the experiments agreed fairly well with the
theory. It is necessary in each case that / be chosen so
that (26) is satisfied. Figure 6 is a set of three plots
based on (21) and (22) for three different quoted capaci-
tances C’. The values of p and line losses were chosen
to be the same as in the case investigated. The largest
capacitance, 0.46 pF, corresponds to [=0. The diode
capacitance is bound to this limit if the bandwidth is to
be kept large. The smallest value, 0.30 pF, is the limit
set by the manufacturing process (at present). The
main point about these curves is that the bandwidth is
broader for the higher capacitance.

The tests that were carried out on other diodes on re-
verse bias gave results within —2 dB to -1 dB of the
value calculated by (21) or (22). This indicates that the
diode from which the parameters were derived per-
formed better than the average for its quoted capa-
citance. There was no good correlation between the
measured values and the resistance quoted by the manu-
facturer. The only conclusion that could be drawn was
that if the quoted resistance is less than 1.2 ©Q, the inser-
tion loss will be lower than 0.2 dB on forward bias and
the VSWR higher than 28 dB on reverse bias at reso-
nance.

Another piece of useful information concerning the
SPST switch is the phase of the reflection coefficient,
the exponent in (21). It was found that if the reflection
coefficient phase were measured and transferred to a
plane 0.013 inch away from the plane at the center of
the diode-reactance hardware in the direction of the
generator, the experimental value agreed with the
theoretical to within a degree over the frequency range.
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At 7.75 GHz, the phase is 180° and at 8.35 GHz, the
phase is 154°.
Finally, one might ask at how high a frequency this

switch may be tuned. For resonance on reverse bias,
(26) holds; hence from (26), (23), (12), and (20) we have

1 Zoe o\t Zos
w = —+ ( tan ——) -

LC 2L ¢ 2L
Theoretically, length [ may be adjusted so that the
tangent terms have a large negative value and appar-
ently there is no limit on the value of w. From the practi-
cal view, ! would be large enough to increase the losses
and narrow the bandwidth somewhat. If this is unac-
ceptable and [ is restricted to a small dimension, the
maximum w occurs at /=0 for which

&2y

tan — -
c

1

- ﬁ . (32)

W = Wn

For the diode of our experimental switch, L=1.10 nH
and C=0.265 pF. Hence, the corresponding frequency
is 9.32 GHz. By the same logic, if a switch is to be tuned
to 9.32 GHz, a diode having a capacitance of 0.265 pF
or less must be used.

Ol
(e}

N
@]

C'= 0.46 pF

INSERTION LOSS (dB)
o)

(o]

30

REVERSE BIAS

VSWR (dB)
n
o

o
f

FORWARD BIAS
VSWR (dB)

8.0

8.2
f(GHz)
Fig. 6. Calculated characteristics of the SPST switch. It is assumed

that the effective diode capacitance is 0.075 pF less than (", the
value quoted by the manufacturer,
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IV. T SP4T SwiTcH

The designed SPST switch now had to be combined
with a waveguide junction to yield the SP4T switch.
This meant that such a junction had to be developed.
The configuration chosen is shown in Fig. 7. The SPST
units are contained in an H-plane cross having four-way
symmetry. For our application, it was desired that the
input be a waveguide so that to couple to the junction,
a double waveguide-coaxial adapter was adopted into
the design. All the waveguide ports are of the ridge
geometry used in the SPST switch.

Because the SPST switch in the OFF state at reso-
nance behaves nearly like a short circuit, the junction
could be designed using movable shorts in three of the
output ports. Provided that the shorts in the crosspiece
be maintained at equal distances P from the coaxial
center, four dimensions could be varied-—the P dimen-
sion, the separation of the cross and the single guide, the
distance from the short in the single guide to the coaxial
center, and the diameter of the coaxial inner conductor.
With these variables, it was possible to have the junc-
tion matched at 7.75 GHz. Moreover, the match could
be controlled to a degree over a frequency band. But to
have this sliding short circuit-junction combination
broadband does not necessarily imply that the final
switch will be broadband, because the SPST section does
not behave like a short circuit in a fixed location as the
frequency departs from 7.75 GHz. However, at this
point, with no basis for choosing a bandwidth on which
to adjust the junction-short combination, it was simply
adjusted for a large value. One would feel intuitively at
least that the standing waves existing in the switch are
then less and the insertion loss correspondingly lower.

Once the values of the dimensions were established,
an aluminum SP4T switch was built. In it, the SPST
sections are situated so that at 7.75 GHz, the reflection
from them in the OFF state would coincide in phase with
the reflection from a short circuit if placed at distance
P from the junction center. The output ports carry
adapters to type OSM connectors whose VSWR values
remain below 1.15 over the band from 7.7 to 8.4 GHz.
Figure 8 illustrates a completed SP4T switch. Its
weight is 210 grams.

Table II presents some of the characteristics mea-
sured for the switch at 7.75 GHz and at 8.35 GHz. The
diode parameters are the values quoted by the manu-
facturer. The isolation is defined as the ratio of the sig-
nal propagating out of the oN port to the largest of the
signals propagating out of the three orr ports. Figure 9
gives plots of the insertion loss and isolation over a fre-
quency range. Since all four ports differ in performance,
average characteristics are given.

At frequencies away from 7.75 GHz, the signal level
out of the oFF port physically opposite the oN port is
higher than the other two OFF port signals. At 8.35
GHz, this difference amounts to about 2 dB. For this
reason, one would expect the diode in this port to have
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Outline configuration of the SP4T switch,

Fig. 8. The SP4T switch,

a greater influence on the switch performance. In par-
ticular, the diode capacitance is the parameter in ques-
tion as noted in Section ITI. Moreover, the ON port is
broadband so as to exercise less influence. These points
were checked from measurements made on a number of
SP4T switches that were constructed and evaluated for
our application. The diodes in them were chosen at
random from a diode lot where the capacitances ranged
from 0.30 to 0.46 pF. On each of these switches, the in-
sertion loss and isolation for each port were measured.
Figure 10 gives each isolation value vs. the capacitance
of the diode in the port opposite the oN port, and the
correlation of the two parameters can be seen.

Two other observations made on an SP4T switch at
7.75 GHz are worth mentioning. One is that RF power
of up to 8 watts CW was passed through the switch with
no apparent change in the insertion loss. The other is
that it was found that the insertion loss increases with
increasing temperature. At +100° C, the increase was
about 0.2 dB. At —70° C, the insertion loss decreased
by 0.35 dB.
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TABLE 11
SoME MEASURED CHARACTERISTICS OF AN SP4T Switch

on Port Diode f=7.75 GHz f=8.35 GHz
Port ox Insertion Isolation Insertion Isolation
C' (pF) R (ohms) VSWR Loss (dB) (dB) VSWR Loss (dB) (dB)
1 0.45 0.79 1.06 0.63 29.5 2.0 4.4 8.1
2 0.45 1.27 1.04 0.66 31.3 2.1 4.6 7.7
3 0.45 0.70 1.10 0.58 28.4 2.1 4.2 9.6
4 0.44 0.97 1.21 0.65 30.0 2.1 4.4 8.4

. The diode parameters are the values quoted l?y the manufacturer: €’ is at —50 V, 1 MHz, and R is at +100 mA, 500 MHz. Isolation
is defined here as the ratio of the signal propagating out of the oN port to the largest of the three signals propagating out of the ofFF ports.
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Fig. 9. Average performance characteristics through a range of
frequencies of an SP4T switch. Detailed characteristics at two
specific frequencies are given in Table I1I.
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Fig. 10. Dependence of the SP4T switch isolation on diode capaci-

tance. The circles are 28 experimental points for 7 switches where
the values of C’ refer to the diode in the port opposite the oN port.

V. Tue SP2T Switcu

An SP2T switch (Fig. 11) was designed, constructed,
and tested. The output ports are similar to those of the
SP4T switch. The input port is also similar in its method
of operation in that the oFr diode acts like the shorting
plate of the waveguide stub. The only requirement was
that the diodes be situated the correct distance from
the input.

The measured characteristics are summarized in
Table 111, Comparison of these results with those for
the SPAT switch (Table II and Fig. 10) shows the SP2T
switch to be better in performance. This is reasonable
because it has fewer ports to leak power, and the junc-
tion arms are shorter implying a broader band.

Six SP2T switches were constructed and evaluated.
Figure 12 gives each value of isolation measured vs. the
capacitance of the diode in the oFF port at & 35 GHz.

VI. Tue SP8T SwircH

It seemed reasonable that an SP8T switch could be
constructed by mating two SP4AT switches, such as the
ones described in Section IV, where only one of the total
of eight diodes would be on for its operation. The logical
way to put the SPAT switches together is shown in Fig.
13. Each SP4T section is fed by a coaxial line and the
two coaxial lines join to the opposite sides of a WR-112
waveguide in which the RF signal enters. There were
four dimensions to establish. As Fig. 13 shows, they are
the separation P’ of the diodes from the switch center
line, the separation H of the SPAT sections from the
WR-112 guide, the stub length Q of the WR-112 guide,
and the inner conductor diameter d.

In a working switch, one of the SPAT sections con-
tains the port that is oN. If this section can be matched
to the coaxial line, it simplifies the switch design by
reducing it to a development of two hardware pieces
that individually are matched: a coaxial - SP4T section
adapter, and a double coaxial - WR-112 adapter. The
SP4T section whose ports are all OFF appears nearly
like a short circuit whose location is important to the
performance of the double coaxial - WR-112 adapter.
The design of the double coaxial - WR-112 adapter can
then be derived by using a matched load in one coaxial
line to simulate one SP4T section and a short circuit in
the other coaxial line to simulate the other.
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The SP2T switch.

Fig. 11.
TABLE 111
SoME MEASURED CHARACTERISTICS OF AN SP2T Swritcur
on Port Diode f=7.75 GHz f=8.35 GHz
Port ox Insertion Isolation Insertion Isolation
C" (pF) R (ohms) VSWR Loss (dB) (dB) VSWR Loss (dB) (dB)
1 0.37 1.08 1.25 0.35 32.3 1.43 1.23 7.8
2 0.35 0.79 1.24 0.31 32.0 1.41 1.10 8.7

The diode parameters are the values quoted by the manufacturer: €’ is at —50 V, 1 MHz, and R is at 4-100 mA, 500 MHz.

Isolation is

defined here as the ratio of the signal propagating out of the oN port to that propagating out of the oFF port.
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Fig. 12. Dependence of the SP2T switch isolation on diode capaci-
tance. The circles are 12 experimental points for 6 switches where
the values of C’ refer to the diode in the oFF port.
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Fig. 13. Outline of the SP8T switch. One diode is

oN, the other seven are OFF.

Fig. 14. The SPST switch.

TABLE 1V
SoME MEASURED CHARACTERISTICS OF AN SP8T Swrrca
Port oN Port Diode f=17.75 GHz
oN Insertion Isolation
C'(pF) R(ohms) VSWR Loss (dB) (dB)
1 0.32 1.27 1.08 1.02 33.3
2 0.31 1.27 1.10 0.97 33.2
3 0.35 1.01 1.17 1.08 32.6
4 0.36 1.12 1.19 1.13 31.5
5 0.31 1.27 1.19 1.18 31.3
6 0.34 1.08 1.21 1.11 31.2
7 0.36 1.08 1.15 1.06 31.6
8 0.32 1.12 1.18 1.16 31.0

Ports 1 through 4 are on one SPAT section and ports 5 through 8
on the other. Column headings are as defined in Table I1.
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Once all the dimensions were established, an SP8T
switch was constructed. As shown in Fig. 14, each port
carries an adapter to mate to WR-112 waveguide. The
adjustment of the switch calls for tuning the eight
diodes and adjusting the two inner conductors (that is,
the gap g) to minimize the highest VSWR of the eight
values obtained with the eight ports ox in turn. The
characteristics of the switch are summarized in Table

IV. Measurements were made only at one frequency,
7.75 GHz.

VII. CONCLUSIONS

Switches were developed in the SPST, SP2T, SP4T,
and SP8T configurations which all have good charac-
teristics at a single frequency in the X-band region con-
sidering the present state of the art for these types of
components. Some of their measured characteristics are
indicated in Figs. 5, 9, and 10, and in Tables 11, III,
and IV. A semiempirical theory was developed for the
SPST switch which could predict its performance in
detail.

There are several points to note concerning these
switch designs. First, the bandwidth of a switch, other
than its dependence on the capacitances of the diodes,
is narrower the larger the number of ports. A prime
goal in further work should be to design switches with
broader bandwidths in order to increase their useful-
ness. Second, use of a narrow-height rectangular wave-
guide rather than ridge guide would considerably
simplify the fabrication of the switches. Also, adapters
to waveguide of standard dimensions could easily be
designed by well-developed procedures. Third, it may be
possible to eliminate the iris that shunts each diode. By
the theory pertaining to bandwidth in Section II, this
would increase the bandwidth. There will be a large
reflection of signal at the oN diode, but this should be
possible to compensate by a matching network in the
input port or. by repositioning the diodes—the latter
being more desirable.
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On the surface, it is not clear what the combination of
these various changes does to the overall performance,
but at this date, a program is under way to find a switch
design exhibiting these features and having a broad
bandwidth. If it is successful, the results shall be re-
ported at a later time.
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