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Cryogenically Cooled C-Band p-i-n Diode
Integrated Switch Matrix for Radio

Astronomy Applications

GEORGE H. BEHRENS, JR.

A6stnrc-A low-loss cryogenically coded (20 K) eight port C-band
p-i-n diode switch bm been developed for radio astronomy applications.

The switcbtng functions are achieved through the use of eight pi-n diodes
in a stripline package. Maxinmm measured loss and VSWR over the

4.4-5.1-GHs band are 0.75 dB and 1.5:1, respectively. ‘lhe average

meawred noise temperature is 9.8 K. The switch provkkv operational

vematility for a dual-channel dmd-baad (C- and L-bands) radiometer by

sbmdtaneooaly perforndog as a Dicke swi~ a feed/load selector swite4
and a band selector switch. The switch performs these functions at a noise

temperature mtobtahaMe with commercially available switebes.

I. INTRODUCTION

T O REDUCE the adverse effects of gain instabilities

and improve the operational versatility of low-noise

radio astronomy receivers, it is usually necessary to incor-

porate a number of switches ahead of the low-noise pre-

amplifiers. In the past most switched-type radiometers

used separate switches to provide the Dicke switching,

feed/load selection, and band selection functions. How-

ever, with the advent of extremely low-noise cryogenically

cooled amplifiers, the noise contribution of such switches

can have a significant effect on the overall sensitivity of

the radiometer unless steps are taken to reduce the noise

temperature of the switches.

In theory, the cooling of such switches can significantly

reduce their noise temperatures. Unfortunately, when

several switches are involved, the additional space require-

ments and associated thermal mass can severely hamper

the physical arrangement of the Dewar components and

increase the cool-down time. Because of these problems,

in the design of a new low-noise dual-band (25/6-cm)

dual-channel cryogenic receiver [1] at the National Radio

Astronomy Observatory, Green Bank, WV, it was decided

that a single-multiport coolable p-i-n diode switch be

designed which could provide the Dicke switching,

feed/load selection, and band selection functions for both

receiver channels. Integration of all switching functions in

one package also eliminates the necessity of interconnect-

ing cables and connectors between switches and, hence,

their attendant loss, and reliability problems.

The design goal was to achieve a switch with minimum

loss, VSWR, and noise contribution over the frequency

Manuscript received December 29, 1977; rwiwd April 10, 1978. The
National Radio Astronomy Observatory is operated by Associated Uni-
versities, Incorporated, under contract with the National ScienceFoun-
dation.

The author is with the National Radio Astronomy Observato~, P.O.
Box 2, Green Bank, WV 24944.

band from 4.5–5. 1 GHz and provide the above-mentioned

switching functions. In this report, after a brief review of

radiometer fundamentals, the various switching modes

available, principles of operation, operating characteristics

and construction details of the switch are discussed. To

the author’s knowledge, the only other known report

involving the use of cryogenically cooled p-i-n diode

switches deals with a SPDT switch operating at L-band

[2].

II. RADIOMETER FUNDAMENTALS

A. The Dicke Radiometer

In radio astronomy the signal levels received are of such

low levels that the receiver gain instabilities can seriously

limit the effective sensitivity of the radiometer. This effect

can be minimized by using the Dicke radiometer as shown

in Fig. l(a). The receiver input is continuously switched

between the antenna feed horn and a comparison noise

source at a frequency high enough so that the gain has no

time to change during one cycle [3], [4].

The detected output V. of the Dicke radiometer is

proportional to the difference between the antenna noise

temperature T~ and the noise temperature of the compari-

son source Tc:

VO=ZC(TA – Tc) (1)

and the minimum detectable signal A Tmin is given by the
following expression [3] if TA = Tc:

where

TA

TR

B
r

antenna noise temperature, K,

receiver noise temperature, K,

predetection bandwidth, Hz,

integration time, s.

(2)

In practice the comparison noise source is usually either

a microwave termination held at a fixed physical tempera-

ture or another antenna feed horn. When a cryogenic

receiver is used, the termination is normally held at the

operating temperature of the refrigerator (e.g., 20 K).
Antenna temperatures are usually around 20 K also, so

T~s TC. If there is a significant unbalance between T~

and Tc, noise can be injected via a directional coupler

into the colder channel to balance the system or the
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Fig. 1. (a) Single-channel Dicke radiometer. (b) Dual-channel Dicke

receiver using the switch beam configuration.

Fig. 2. Front end switch undergoing noise temperature contribution measurements.

receiver gain can be reduced during the higher tempera-

ture half of the switch cycle.

When a feed horn is used as the comparison noise

source, it is usually identical to the signal feed horn. Both

horns are then offset laterally by equal amounts from the

focal point of the reflector insuring equal noise tempera-

ture for both feeds. This method has the advantage that

fluctuations in antenna temperature caused by atmos-

pheric conditions are effectively cancelled since the beams

of both feeds see essentially the same area of the atmos-

phere because their beams are usually only on the order of

2-3 half power beam width apart. However, when ob-
servations are made of extended sources, it is advanta-

geous to use the switch load mode of operation; other-

wise, both beams will be on source and the output will be

distorted. It is, therefore, desirable in the design of a

radiometer to incorporate a means to provide both a

beam switching mode and a load switching mode.

B. Dual-Channel Operation

In the single-channel Dicke radiometer the signal power

is observed only half of the time. However, by switching

the signal feed horn between two receivers and adding

their outputs as shown in Fig. 1(b), the efficiency of the

radiometer is increased. It can be shown that the mini-

mum detectable signal noise temperature of a dual-chan-

————.. .
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Fig. 3. Front end switch for 25/6-cm receiver.

nel Dicke radiometer is reduced by a factor of ti over a

single-channel radiometer [3]. In order to achieve the

necessary switch action for a dual-channel Dicke receiver

using the beam switching mode, a transfer switch is re-

quired.

C. Dicke Switch Design Considerations

One of the major disadvantages of a Dicke radiometer

is the increase in receiver noise temperature due to the

noise temperature TD~ of the Dicke switch. The amount

of noise added to the receiver by the loss mechanism of

the switch is

and

where

A T~

TP

L

T~

T DS

AT~=(Tp+T~)(L–l)

TD~=(L–l)TP

noise added to receiver due to switch,

physical temperature of switch,

loss ratio of switch,

receiver input noise temperature,

Dicke switch noise temperature.

(3)

(4)

Therefore, to minimize A T~, both the physical tempera-

ture TP and the loss L of the switch should be kept to a

minimum. In the 25/6-cm radiometer, to minimize TP the

Dicke switch is mounted directly to the 20 K station of

the refrigerator as shown in Fig. 2.

In planning the 25/6-cm radiometer, it was decided

that a dual-channel Dicke radiometer be implemented. It

was also decided that the Dicke switch, besides providing

the transfer switching function needed for dual-channel

operation, should also incorporate a means to permit

either load switching or beam switching for either chan-

nel. Further, it was decided that the switch be used to

connect the L-band upconverters to the parametric

amplifiers during the 25-cm operation. Dicke switching is

not needed during 25-cm operation because only line

observations are performed and they are relatively un-

affected by gain instabilities.

To satisfy the above requirements, the switch was con-

figured and connected to the radiometer as shown in Figs.

3 and 4, respectively. As shown in Table I there are five

different switching modes available. The table shows the

connections for the various modes for each half of the

switching cycle, e.g., in mode I (both channels load

switching), Feed A is connected to Paramp A (2+A) and

Feed B is connected to Paramp B (5+B) during the first

half switching cycle. During the second half of the switch-

ing cycle, loads A and B are connected to Paramps A and

B, respectively.

111, PRINCIPLES OF OPERATION

Referring to Fig. 5, the operation of the switch in the

beam switch mode can be explained as follows. Assume

RF energy is propagating from Feeds A and B towards

junctions J1 and J2, respectively, and diodes D1 –D8 are

biased as shown during the first half switching cycle.
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Fig. 4. Block diagram of the front end section of the 25/6-cm cryo-
genic radiometer.

Fig. 5. Simplified schematic of front end switch operating in the beam
switching mode.

TABLE I
RF PATHS THROUGH SWITCH FOR V.wous SWITCHENG MODES

Connections Made During
Switching Cycle

No. Switching Mode
First Half Second Half

?.wit thing Cycle switching cycle

&

Both Channels
1.

2+A l+A
Load Swit thing 5+B 3+B

Locked to Upconvercers

Next, consider how the energy from Feed A divides at J1

due to the impedance conditions at J1 as seen looking

towards JA and JB. Since D3 is forward biased, its low

impedance is transformed to a high impedance at J 1 by

the quarter wavelength 50-S2 transmission line according

to the usual quarter wave transformer equation:

z IN = z;/zd (5)

;12; 112~

*4,4mm -1
I Lp Rp

b 4.4mm-q
I Rp Lp , I

o
200PH 00 I on 200PH

~

R2 0.40

Zo= 5on
L2 OPH

z~=50n

CT ,14pF
o 0

(b)

Fig. 6. Room temperature equivalent circuit of the Hewlett-Packard
5082-3141 p-i-n diode,

2

BIAS 2

B

4

ABIAS8 ~

Fig. 7. Diagrammatic layout of switch. Note: AU transmission lines are
three-layer solid dielectric stnpline constructed from I-oz copper clad
duroid 5880.

where ZO = characteristic impedance of line and Zd =

forward biased diode impedance. However, the imped-

ance at J 1, as seen looking towards JA, is close to 50 il

since D2 is reverse biased and presents little affect on the

line since its impedance is high. Also, diodes Dl, D7, and

D8 are forward biased causing the impedance looking into

each of these arms from JA to be high. Therefore, all the

energy entering J 1 from Feed A is directed to Paramp

P. A. “A” except for the relatively small losses absorbed

in the high impedance arms of junctions JA and J 1.

The energy arriving at J2 from Feed B can similarly be

analyzed to show that it is directed to P.A. “B.” During

the next half switching cycle the bias conditions of D2,

D3, D6, and D7 are reversed causing the RF energy to be

directed from Feed A and B to P.A. “B” and “A,”
respectively. The operation of the switch in the other

modes can be explained similarly by referring to Table II

which gives the bias conditions for the various switching

modes.

The complete schematic of the switch is shown in Fig.

7. Table III gives the values of the various components

and the manufacturers’ part number.
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TABLE II

B3ASCONDITIONOF DIODES FOR DIFFERENT SWITCHING MODES

Mode . . . . . . . . I 11 III IV v

Half of
1st 2nd 1st 2nd

..itc~~le 1st 2nd 1st 2nd 1st 2nd

D1 . . . FWD REV Ptid md lwd md FWD REV Fx? FzJ(?

D2 . . . [(:V F!iD , 2EV FWD Rzv t FWD ?Ev FWD !~ II,: F’wd
D3 . . . FIJd Fxd FWD REV fi:d ~d FWD REv ~j F.>d ,

D/I . . .
: FWD REV ~d md FWD REv r?dd FtJd
g

Fi’i Fud

E
1)5 . . . F’t)d Fz,jd md rl~d .md Evd J’tid F& F?Ji Ft)d

D6 . . . REV FWD REV i FWiI REV FWD REV FWD F. 3 Fwd

D7 . . . h? .~od FWD RE\’ FWD REV Fud Fhd , m~ ‘%J2
-—

Da . . . ~ Ei2d Fwd fid Wd .%d F? FWd Fwd mi F7Jd

Capital letters are used to indicate bias condition of diodes switching
in that particular mode. Bias conditions of diodes in a fixed bias state
are italicized.

TABLE III

CoMPorwm DATA

Cowmen Ls value Funct ion ?fanufact.rer’s PIN

c1

C2

C3

L

LPF

D1-DS

Stripline
materfal

~1

~2

~3

%

85

.%

3.3 PF

56 p~

0.05” , .0751’

---

---
---

c = 2.23

ZO =5012
t = .2V

ZO =50$?

9.
- .573

Blocking capacitor

Bypass capacitor

Capacitive tap

Bias Inject ion coil

2MI suppression filter

PIN diode

---

Transmission line

Tran.miss.on line

ATC-1OOA-3S-3-P- 50

ATC-1OOA-56O-K-F’- 50

---

Piconics 9 112 T-47

Erie #1250-003

SF 5082-3141

121’T D.roid 5SS0

-.

---

Za - 200 0 Inductive tuning stub ‘--
2. = .700,,

z~ = 200 n Capacitive, tuning stub ‘--
i - 0.195

ZO=41Q Impedance tra,,s former ---
L = .364,

z~=41Q Impedance trmsfomer —
8 - .55,,

The 50-Sl transmission line system used is conventional

three-layer stripline constructed from photographically

etched, copper clad, 0.0625-in thick Teflon/fiberglass.

The ground planes are formed by the gold-plated brass

case (see Fig. 3): Channels 0.300 in wide and 0.062 in

deep were milled in the switch case to accommodate the

stripline material. This type of construction was used to

maximize isolation between the various arms and achieve

good mechanical stability. The ground plane spacing is

0.125 in and the gold plated copper (1 OZ) center conduc-

tor is 0.100 in wide for 20=50 !J. A small lip was left

along the edge of all channels to improve mating surfaces

and minimize radiation leakage.

The switching diodes, HP 5082-3141, are silicon p-i-n
diodes (see Fig. 6) incased in a 50-fl hermetic package

which permits a continuous transition in the 50-stripline

circuit, This stripline package concept, according to

Hewlett–Packard [5], “overcomes the limitations in inser-

tion loss, isolation and bandwidth that are imposed by the

package parasitic of other discrete devices.”
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Fig. 8. Insertion loss, paramp “A’’+individuaf ports: T= 300 K, Z= 20
mA/diode.
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Fig. 9. Insertion loss, paramp “B’--+individual ports: T= 300 L 1=20
mA/diode.
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Fig. 10. Insertion loss, paramp “A’’+individuaf ports: T= 18 K, Z=
150 rnA/diode.
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Fig. 11. Insertion loss, paramp “B’’+individual ports: T= 18 I& Z=
150 mA/diode.

IV. PERFORMANCE

Measurements were made to determine switch insertion

loss, isolation, reflection coefficient, and noise contribu-

tion at both 18 K and room temperature conditions.
Results of the insertion loss measurements are shown in

Figs. 8–1 1. At 18 K the switch has a maximum loss of

0.75 dB over the operating band of the receiver. Isolation

measurements, made in the 4.O–6.O-GHZ band, revealed

greater than 30-dB isolation between ports. VSWR

measurements indicate a maximum VSWR of 1.5:1 in the
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TABLE IV
MEASUREDNOISECONTRIBUTION DUE TO DICKB SWITCH

-—

Feed A Feed B

“K “K

Channel A

Continuum, 4. 2.L5-5. 040 12.8 14.9

4.6 Gi{z, 3% bandwidth 10.2 13.3

4.75 GHz, 3X bandwidth 15.2 16.9

4.870 GHZ, 3% bandwidth 11.8 13.0

4.920 GHz, 3% bandwidth 13.0 10.0

Average . . . . . . . . . . . . . . . 12.55* 13.5*

Chmnel B—

4.245 - 5.040 17.4 14.3

4.6 GIIz, 3% bandwidth 13.7 9.6

4.75 GHz, 3% bandwidth 18.9 16,76

4.870 GHz, 3Z bandwidth 17.8 12.2

L. 920 GHz, 3X bandvidth 17.5 14.7

Avrrage . . . . . . . . . . . . . . . 17.0* 13.3*

*Total average . . . . . . . . . . . . . . . . . . . . . . . . . . . ...14.1
Note: A summary of the measured switch characteristics are given in

Tables V and VI.

TABLE V
SWITCH CHARACTERISTICS OVSR 4.4-5. 1-GHz BAND

Channel A Channel B

Naximum insertion loss (dB) 0.75 0.75

Maximum noise contribution (“K) 16.9 18.9

Average noise contribution (“K) 13.0 15.2

Maximum Vsm 1.5:1 1.5:1

Minimum isolation (dB) 30 30

TABLE VI
SW’11’CH CHARACTERISTICS OVSR 4.O-6.O-GHZ BAND

Channel A Channel B

Maximum jnsertion loss (dB) 1.1 2.0

Noise contribution Not measured Not measured

Maximum VSWS < 2.0:1 < 2.0:1

Minimum isolation (dB) 30 30

passband of the receiver and a maximum of 2.0:1 from

4.0–6.0 GHz. Noise contribution due to the switch was

measured at various frequencies across the band by

measuring receiver noise temperature with and without

the switch connected. The averaged measured noise con-

tribution was 14.1 K. (See Tables IV–VI.) Using (3) and

(4), the average switch noise temperature was found to be
9.4 K.

V. DISCUSSION OF RESULTS

Equation (3) can be used to calculate the theoretical

noise contribution of the switch A T~. Obviously, however,

the accuracy of the calculated value depends very heavily

on the accuracy of the values of insertion loss ratio L,

receiver noise temperature T~, and the physical tempera-

ture TP of those components of the switch contributing to

the loss. Values of L and T~ can be measured to within

~ 2 and f 10 percent, respectively. with relative ease using

standard measurement techniques. However, the value TP

is much more elusive since it is really the effective physi-

cal temperature of all the lossy components in the switch

(diodes, blocking capacitors, bias coils, and transmission

lines) lumped together. Because of this, no attempt was

made to make a direct measurement of TP.

Using the average measured value of receiver noise

temperature without the switch (TR = 23.2 K), the

measured switch insertion loss of 0.75 dB (L= 1.19), and

an assumed value of effective physical temperature TP of

18 K (temperature at which refrigerator was operating), a

theoretical value of noise contribution A T~ of 7.8 K is

obtained from (3). However, the measured value of A T~

was 14.1 K or 6.3 K greater than the theoretical value.

This difference is thought to be primarily due to the

following: 1) impedance mismatch, 2) the assumed value

(18 K) for the physical temperature is too low, and

3) inaccuracy in the measured values of L and T~ as

mentioned above.

The first effect, impedance mismatch, accounts for only

0.7 K of the 6.3 K difference. This comes about due to the

termination on the paramp circulator which can be con-

sidered an 18 K noise source. Since the switch has a

VSWR of 1.5:1, 0.7 K of the 18 K is reflected at the

switch and returned to the paramp as an increase in noise

temperature.

The remaining 5.6 K difference is thought to be prim-

arily the result of the measurement inaccuracies of L, TR,

and A T~, and the assumed value of TP being too low.

Measurement inaccuracies can easily account for 2 K with

the remaining 3.6 K due to the inaccuracy of the 18 K

assumed for TP. If TP = 2.88 K, this would completely

explain the remaining 3.6 K. On the other hand, if we

assume no error in the measured values of L, TR, and

AT~, a value of TP = 47.3 K would explain the total 5.6 K

difference.
Although no quantitative thermal analysis has been

made to determine the theoretical value of TP, it seems

entirely reasonable that its apparent rise from 18 K to

some value between 28.8–47.3 K can be attributed to 1)

junction heating of the forward biased diodes (150

mA/diode) and 2) the thermal resistance between the

lossy components in the switch and the 18 K refrigerator

cold station.

VI. CONCLUSION

In the design of radiometers requiring several switches

ahead of the cooled preamplifiers, replacing such switches
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with a single, cooled, multiport, p-i-n diode switch can

provide the following advantages with a minimal noise

temperature:

1) elimination of interconnecting cables and connec-

tors between switches and their ensuing loss and

reliability difficulties,

2) reduction in space requirements and simplification

of system component arrangement, and

3) improved cool-down time due to reduction in ther-

mal mass.

Further improvement in the noise temperature of

cooled p-i-n diode switches can probably result from a

more judicious selection and impedance matching of the

p-i-n diodes. However, information regarding p-i-n diode

characteristics at cryogenic temperatures seems to be un-

available, indicating a need for additional work in this

area.
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Subharmonically Pumped Schottky Diode
Single Sideband Modulator

JERZY CHRAMIEC

Abstract—A subbarmonicafly pumped singfe sideband $chottky diode

modulator is described. Its advantages are a large carrier suppression and
Iowertd pumping frequency. The experimental 2-GHz MfC modnfator
pumped with an 8-mW signal exhibits a conversion 10ssof 6.2-7.3 dB over
a 15-percent frequeney band. For a 120-#W input modulating signaf, the

onwanted components in the output spectmnn are at least 18 dB and
mostfy over 20 dB below the desfred sideband.

I. INTRODUCTION

sEVERAL types of microwave single sideband (SSB)

modulators are known. The fundamental method of

suppressing one sideband consists in the filtering of the

output signal of a double sideband (DSB) modulator. This

scheme however has practical limitations for low modulat-

ing frequencies and for systems with variable carrier

and/or modulating frequency. In such cases balanced

SSB modulators may be used, following the principles

described in [1] and [2] (Fig. 1). A balanced SSB modula-

Manuscript received May 26, 1977; revised Aprif 17, 1978.
The author is with University of Basrah, College of Engineering,

Electrical Department, Basrah, Iraq.

tor consists essentially of two DSB modulators and an

appropriate dividing, phasing and summing network to

suppress one of the sidebands as well as the carrier. Let us

consider the conditions of generating a “true suppressed-

carrier SSB signal,” that is a signal with the carrier and

one of the sidebands suppressed for instance by 20 dB

with respect to the desired sideband. The sideband

suppression factor in this example equals 20 dB and may

be attained in either circuit of Fig. 1. The required carrier

suppression factor AP may be evaluated from the formula:

AP[dB]>20+1010g $+LC
m

(1)

where Pm is the modulating signal power, PC is the carrier

power, and LC is the modulator conversion loss. Putting

(PC)/(Pm) >25 (for linear operation), L,= 6 dB, we get
AP >40 dB. Such a high value of AP maybe obtained only

when high-isolation directional couplers as well as per-

fectly paired and matched diodes are used. The purpose

of this paper is to describe a SSB modulator which is
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