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Fig, 5—Minimum detectable signal of 1N53 detector
relative to zero bias.

the MDS at zero dc bias is SO,

SO = FO.JTi (36)

where FO is the noise figure of the diode when no dc bias

is applied. Thus the relative MDS .S(db) can be ex-

pressed by

S(db) = 10 log ~ = 10 log ~

= F(db) = P(db) – G(db). (37)

In Fig. 5 the calculated relative MDS and experi-

mentally obtained relative M DS are plotted with zero

bias MDS as zero db. The zero dc bias MDS of a 1N53

diode in a DBB119 crystal mount followed by a 441B

amplifier was – 50.8 dbm at 73.22 kMc. Experiment

and calculation show that the MDS of the diode de-

creases with increasing dc bias current up to approxi-

mately 70 pa.

CONCLUSIONS

The conclusions which have been reached by theoreti-

cal analysis and experimental investigation are as

follows :

1)

~)

3)

Biasing the detector increases the noise generated

in the crystal;

This increase in noise is small when comDared with

the increase in gain;

Thus, even though noise increases, the noise figure

of a device can decrease.
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Summary—The PIN diode is a double diffused @nction with an

intrinsic layer separating the P and N regions. At frequencies above
100 Mc, the diode ceases to be a rectifier because of carrier storage

and transit time effects. Its shunt capacitance is quite small because

of the separation of the P and N regions by the 2 layer. Conductivity
of the Z region can be varied by a dc bias current and the device

~ecomes an electrically variable resistor which can be used for

microwave attenuators and modulators up to frequencies as high

as 20 Gc.
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The PIN junctions are mounted on posts which are inserted in a

50-ohm strip transmission line as shunt elements, and a number

of these elements, spaced a quarter wavelength apart at midband,

are used to form an attenuator. At the appropriate bias current,

yielding 50-ohm junction resistances, the diode elements are reac-

tively compensated by choice of post dimensions so that they are

effectively pure resistances, yielding an image attenuation of 4.2 db

per element. Many elements can be used to attain any de6ired total

attenuation and higher impedance end elements can be used to

improve the SWR. Bandwidths of 4 to 1 with low SWR in both ON

and OFF conditions are achievable. Maximum attenuation of 60 db,

insertion loss of 1 db, and SWR of 1.5 are typicsf for a 12-diode

attenuator and powers of the order of watts can be handled with

negligible harmonic generation. When used as a pulse modulator,

rise times of the order of 10 nsec are achievable.
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I. INTRODUCTION

T
HE POTENTI.4L application of a PIN junction

diode as an electrically variable resistance element

at microwave frequencies was discussed by LJhlir in

an earlier paper.1 It is the purpose of this paper to show

how these junctions can be combined with appropriate

broad-band microwave networks to produce electrically

controllable attenuators and pulse modulators. The goal

is an attenuator which is capable of a large attenuation

range with low insertion loss and low SWR and which

can be used as a leveling device, programmable attenu-

ator, or pulse modulator in frequency ranges from 1 to

20 khIc.

An attenuating array is composed of metal posts, on

which are cemented tiny PIN junctions, inserted as

shunt elements in a transmission line and spaced a

quarter wavelength apart at the rnicldle of the frequency

band involved. By suitable post design, reactive com-

pensation is achieved and the diode elements appear as

an array of shunt resistances when biased with the ap-

propriate current. When at zero bias, the elements form

an array of shunt capacitances. In both cases the attenu-

ator can be analyzed by image parameter methods.

Goocf agreement exists between experimental and theo-

retical results and broad-band attenuators are realized

which satisfy the original goals.

Much work has been done on semiconductor switch-

ing devicesz which achieve very fast rise times of the

order of 1 nsec. These devices have employed fast diodes

of the point-co~ltact germanium or P-N junction

varactor-type, usually as single elements, behaving

somewhat as switchable reactive filters. Although they

are faster than the PIN attenuators to be clescribecf

here, they appear to be unsuitable for continuous con-

trol of attenuation with low SWR and low harmonic

generation. It is also difficult with these devices to

achieve as broad a bandwidth at the higher frequencies

or as high an ON-OFF ratio with low insertion loss when

compared with the PIN attenuating array.

The PIN diode is a double diffused silicon junction

with an intrinsic layer separating the P and N regions.

.4t very low frequencies it behaves as a normal rectifier.

Forward conduction increases exponentially with ap-

plied voltage as the 1 (intrinsic) layer conductivity is

increased by the presence of injected carriers. At high

frequencies, above 100 Mc, rectification effectively

ceases because of carrier storage effects and transit time.

The junction becomes a linear resistance with the con-

ductivity of the 1 layer and its geometry being the

cletermining factors in the resistance value. This con-

1 A. Uhlir, Jr., “The potential of semiconductor diodes in high-
[requency communications,” PROC. IRE, vol. 46, pp. 1099-1115;
June, 1958.

z R. V. Garver, “Theory of TEM diode switching, ” IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-9, pp. 224–
238; May, 1961.

ductivity is a function of the carrier density which can

be controlled by a bias current. Approximately, the

diode resistance is proportional to the square of the 1

Iayer thickness and inversefy proportional to the

product of bias current and carrier lifetime. Of course

there is capacitance shunting the resistance. However,

this capacitance is very small because of the relatively

thick 1 layer separating the F’ and N regions and the

small area of the junction. Typical diodes can be varied

in resistance from 10,000 ohms to 10 ohms as bias cur-

rent is varied from zero to several milliamperes and the

shunt capacitance at zero bias is ty-pically of the order

of 0.04 pf.

II. DIODE MOUNTING STRUCTURES AND

EQUIVALENT CIRCLTIT

The PIN junctions are mounted on posts which are

to be inserted as shunt elements in a strip transmission

line. Fig. 1 shows a cross-section view of a 50-ohm un-

symmetrical strip-line and mounting structure along

with the Smith Chart admittance pIot obtained at

4000 MC by varying the bias current from zero to 15 ma.

The data was obtained by measuring the reflection co-

efficient of the diode element in parallel with a 50-ohnl

load. This load admittance was theu subtracted from

the total admittance measured to obtain the actual di-

ode element admittance plotted on the chart.

A simple way of looking at the diode mounting struc-

ture is to consider it as an elemental transmission line

terminated in the parallel resistance al~d capacitance of

the diode junction and connected in shunt with the

main trclnsmission line. If the junction capacitance is

negligible and if the elemental line or post has an im-

pedance equal to that of the n~ain line (20), the reflec-

tion coefficient :LS plotted on the Smith Chart would be

simply

where R is the resistance of the diode junction, a func-

tion of bias current, 1P is the post length, al~d VP the

phase velocity on the elemental line. Notice that, at

any given frequency, the Smith Chart -plot would be a

straight Ii ne through the origin as R is varied from zerc

to infinity, intersecting the origin at R =20 and, as

frequency is varied, the plot simply rotates. At the

appropriate bias current the diode element would be :~

pure resistance at all frequencies. At zero bias, the ele-

ment would be a shunt capacitance with normalized

susceptance j(UIP/ZIP). This capacitance can be small

provided the electrical length of the post is appropri-

ately small. Although this picture of the diode element

is oversimplified, it provides the basis for the design of

broad-band attenuating elements.

As shown in Fig. 1, the diode mounting post within

the main line is a series of steps which approximate 3
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REXOLITE-#iLLEO_”
STRIP LINE, Zo.5011

Fig-. I—Diode element mounting structure in unsymmetrical strip-
Ii,le, equivalent circuit representation, and experimental Smith
Chart admittance plot as a function of bias current at 4000 Mc.

T.ABLE I

EQUIVALENT CIRCUIT VALUES FOR FIG. 1

Post length, 1,
Post Inductance, Lp
Circuit Capacitance, C’

Circuit Impedance, Z,= V’Lp/C

Cutoff Frequency, ~,= l/(2 ~~LpC)
Junction Capacitance, C,
Hole Capacitance, Ck
Post Capacitance, C.= C – C(Z– Ck

Post Impedance, Zp = ~LD/Cp

Post Phase Velocity-, u,, =lp/tiL,Cp
—

0.060 in
0.33 nh
o.17pf

-M u
21.2 Gc
o.04pf

–0.05 pf
0.18pf

4.30

2 .OXIO1o cm/sec

short conical transmission line. The small PIN junction

is cemented on the bottom of the post and contacts the

center conductor strip. The post itself is coated with

insulating material to form a bypass capacitance in the

upper ground plane hole, and a dc return is provided

elsewhere in the system. The main transmission line is

unsymmetrical, in this model, with the center conductor

strip much closer to the top than to the bottom ground

plane. A hole is provided in the dielectric for insertion

of the diode post.

If R in the above reflection coefficient equation is re-

placed by the impedance of the parallel junction re-

sistance and capacitance combination, it is obvious that

the Smith Chart plot is no longer a straight line. Devia-

tion is greater at higher frequencies as the capacitive

susceptance of the junction increases. It is much more

convenient to represent the diode post and junction

structure by an equivalent circuit of the form shown in

Fig. 1 and to derive the element values from the experi-

mental Smith Chart plot. Retaining a portion of the

elemental transmission line idea, a circuit impedance

Z.= ~L1/C, and a cutoff frequency uo = l/~LpC are

defined. The post inductance is L,= Z,/U, and the

capacitance, which includes the PIN junction capaci-

tance as well as the post capacitance, is C= 1,/tioZ.. The

equivalent circuit admittance is then,

F 20 ZO/’R + j(@/’@o)zo,/zc
—

Fo–z– 1 – d/cJo~ + j(6J,/Lw) (zc/zo)zo,Zi“

At frequencies well below cutoff, this plots as a

straight line and intersects the origin of the chart if

Z,= ZO. The equivalent circuit values for Fig. 1 are

derived from the experimental data and are listed in

Table I. A further breakdowl~ of the capacitance value

is made on the basis of some further measurements. The

hole in the dielectric of the strip-line, into which the

diode is inserted, contributes a negative capacitance.

By measuring the reflection coefficient of the dielectric

hole, followed by a 50-ohm load, the negative capaci-

tance was determined to be of the order of 0.05 pf.

The zero-bias capacitance of the PIN junction itself

was measured to be of the order of 0.04 pf, by a method

described later. The remainder of the total circuit ca-

pacitance is then contributed by the post. A post im-

pedance and phase velocit}- can be colmputed as shown

in the table. .

Fig. 2 shows a s]-mmetrical strip-line cross section

with two diodes, one from each side, in parallel. By a

cut-and-try procedure the step dimensions on the posts

were modified until the admittance plot, as shown in

Fig. 2, passed very nemly through the origin of the

Smith Chart. One diode was then removed and the cor-

responding dielectric hole plugged to obtain the admit-

tance plot for the single diode shown also in Fig. 2. A

very interesting effect occurs here. One might expect

that the inductance in the equivalent circuit for the

single post would be about double that of the two in

parallel and the capacitance would be about one half.

Reference to the equivalent circuit values listed in

Table II and derived from the experimental Smith

Chart plots does show the circuit capacitance for the

single post case about one half that of the parallel case.

But the il~ductance for the single case is about 8 times

higher than the parallel case. This indicates that a

mutual inductance coupling exists in the case of the
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Fig. 2—Two diode elements mounted in parallel in symmetrical strip-
line, equivalent circuit representation and e~perimental adnlit-
tance plots as a function of bias cltrreut at 4000 Mc. One plot
is for two diodes as shonm in the cross-section ~,iew. The other
plot is for the case of one diode removed .tnd the corresponding
dielectric hole plugged.

TABLE II

EQUIVALENT CIRCUIT VALUES FOR FIG. 2

Post Length, 1P
Post Inductance, L,
Circuit Capacitance, C

Circuit Impedance, Z.== <L,/(
Cutoff Freque=

.fo = l/(27r<L,C)
Junction CJ-paCi@ncc, G
lHole Capacitancej Ck
Post Capacitfince,

c,=c–cd–ch
Post Impedance, Z,= v’=
Post Phase Velocity

np=[,,/4LnCn

——

Single diode

0.060 in
O 88 nh
0.023 pf

195fl

35.3 Gc
0.04 pf

–o 05 pf

0.033 pf

163 Q

2 .8x101U cnl/sec

Two diodes
in parallel

0.060 in each
0.106 nh
o 051 pf

45.5!2

68.5 Gc
O 08 pf

-0.1 pf

0.071 pf

39 U

paralleled posts which reduces considerably the effective

circuit inductance. The end result of combining two

diodes in parallel is to increase the cutoff frequency by

a factor of three when col]lparing Figs. 1 aud 2. The

strl]ctllre sholvn in ~“i~. 1 was nlade u]]symrnetrical with

the strip closer to the upper ground plane than to the

lower, with the idea in mind that the single post in-

ductance would be less than it would be if the structure

were symmetrical. The improvement turned out to be

only a minor one, however. W7ith two diodes in parallel

there is one disadvantage, namely, the reduction in zero-

bias resistance by a factor of two. .% will be shown later,

this can result in a considerable increase in the insertion

loss of attenuators made in this form.

A third structure investigated was a riciged wave-

guide, designed for a 50-ohm characteristic impedance.

No dielectric was used and the gap, or effective post

length, was made 0.030 inch which is just half the gap

used for the strip-line structures. The post geometry,

similar to that used in the structure of Fig. 1, is shown

in the cross-section sketch in Fig. 3. .\dj ustmeuts were

made on the cut-and-try basis to make the Smith Chart

admittance plots pass close to the origin. These experi-

lnental plots are shown in Fig. 3 for two frequencies with

bias current as the variable. “rhe derived equivalent

circuit values are given in Table 111 and equivalent

circuit plots w-e shown on the Smith Chart for Zo/R = O,

1, and m , indicating good agreement of the circuit with

experimental data. As might be expected, the cutoff

frequency is approximately doubled by reducing the

post length b~ a factor of two, comparing Figs. 1 and 3.

To obtain an approximate value of the junction

capacitance Ccl used in all the tables of equivalent cir-

cuit values, a measurement was made in the ridge wave-

guide structure of a post on which the PIN junction

was replaced by a thin h~ylar plastic sheet. Comparing

the reflection coefficients measured for the two cases, and

computing the capacitance at the post tip with the

Mylar in place of the junction, the PIN j unction capaci-

tance value could be estimated. The value of Cd= 0.04

pf is an average of several such measurements with dif-

ferent posts and PIN junctions. The range of values

determined was from 0.035 to 0.045 pf.

Summarizing the results of equivalent circuit investi-

gations, the highest cutoff frequency is obtained when

the mounting post length is made as short as possible,

the final limit being determined by the diode junction

capacitance. The structure of Fig. 1 is suitable for at-

tenuators up to a limiting frequency of 4 Gc, and the

ridged wa~-eguicfc structure of Fig. 3 is suitable in the

X-band region up to 13 Gc. The dual diode structure o{

Fig. 2, although introducing added insertion loss, has

the highest cutoff frequency, and could be used up to

frequencies as high as 13 Gc, bearing in mind that the

cross-section width must be reduced sufficiently to re-

ject a waveguide-type propagation mode. I n regard to

the equivalent circuit representation, one might ques-

tion the validity of the simple circuit where all capaci-

tance is lumped ill ol~e place. !\Iore ticcurately, it should

be divided in son]e manner on either side of the induct-

ance. However, in the fre(luenc}. ran<ges used, where
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Zo

C:cd+cp

UIDEII
Fig. 3—Cross-section view of a diode element mounted in 50-ohm

ridge waveguide, and experimental admittance plots as a func-
tion of bias current at 8 Gc and 12 Gc.

TABLE III

EQUIVALENT CIRCUIT VALUES FOR FIG. 3

Post Length, 1P 0.030 in
Post Inductance, L, 0.148 nh
Circuit Capacitance, C 0.1 pf

Circuit Impedance Z.= ~L,/C 38.4Q

Cutoff Frequency, .fo = l/(27r#L~ 41.3 Gc
Junction Capacitance, Cd o.04pf
Post Capacitance, C.= C – C,{ 0.06 pf

Post Impedance, ZP = ~L,/CD 50 n

Post Phase Velocity, v, =lP/~m 2 .6x 101° cm/sec

operation is in the neighborhood of 0.25 QO or less, very

little difference in behavior occurs when using a more

complicated equivalent circuit.

II 1. THE ATTENCTATING ARR~Y

As mentioned before, many diode elements spaced a

quarter wavelength apart at midband are used to form

the attenuator. When the applied bias current is suf-

ficient to produce sizeable attenuation, the character-

istics of the attenuating array can be described in terms

of the image parameters, assuming identical elements.

The following relations are derived in Appendix 1.

Y,
17, =-cos O-2~jsin0

+[-sin20(l+4~~) +2~~sin2f7]”2

1 Y
— ~jsin$

c

T ‘c0s;::i:20(1+?) +&in20]’”

where 17i is the reflection coefficient looking into an

infinite array of diode elements, 1/T% is the voltage

ratio loss per diode element in an infinite array, O is the

radian angular spacing of the diode elements

(0= (27r/A)x), and Y/Y, is the normalized equivalent

circuit admittance of the diode elements, formulated

previously.

The simplest case, which occurs when operating

frequencies are far below the equivalent circuit cutoff

frequency, is the array of pure shunt resistances with

resistance equal to the 20 of the line. This case is plotted

in Fig. 4 as the SWR corresponding to I I’, I and the db

loss per element calculated from I 1/T, 1. Over an octave

band the attenuation per diode is quite flat, with a

maximum value of 4.2 db and a variation of 0.1 db.

Reflection coefficient is quite high for all diodes biased

to 50 ohms. However, considerable improvement can

be made by tapering into the array with higher im-

pedance end elements. With two end elements having

resistances of 2.82 20 and 4.5 20 the reflection is zero

at O= 60° and 120°, and a good match can be maintained

over a 4 to 1 frequency band. This is also shown in

Fig. 4. Of course, the post geometry for each end ele-

ment has to be adjusted to give the appropriate im-

pedance and so also does the bias current.

When the operating frequency approaches about one

quarter of the equivalent circuit cutoff frequency, the

effects of reactance have to be taken into account. Fig. 5

shows plots of the loss per diode as a function of fre-

quency for three values of the resistance when the mid-

band frequency is one quarter of cutoff. The curve for

R =20 is not much different from the purely resistive

case. However, for R larger, the curve rises with fre-

quency, and for R smaller, drops more with frequency.

In Fig. 6 the corresponding SWR curves are plotted for

the same three values of diode resistance. When end

elements of higher impedance are used the SWR can

be improved. Fig. 7 shows the results of a computation

made for the case of a single end element of twice the

impedance of the other diodes in the array. Note that

both reactive elements as well as the resistance are

doubled. This simply means that the diode post im-

pedance is adjusted to give a circuit impedance Z. twice
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Fig. 4—(a) Theoretical S\VR for an infinite array of resistances
shunting a transmission line and spaced @degrees apart. (b) The-
oretical transmission loss p:r elelnent in an infinite array of re-
sistances shunting a transmission hne and spaced o degrees apart.
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Fig. 6—Theoretical SWR for an infinite array of networks shunting a
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where o = 90°, is one quarter of the network cutoff frequency.
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Fig. 7—Theoretical SWR for an infinite array of networks shunting a
transmission line and spaced d degrees apart. The impedance of
the first network is twice that of the rest o! the networks in the
array. Midband frequency, where $ = 90°, IS one quarter of the
network cutoff frequency.

Fig. 5—Theoretical tr?nsmissiou Ios: per element in an infinite array
of netwo:ks shunting a transmlsslou line and spaced o degrees
apart. Mldband frequency, where 6 = 90°, is one quarter of the
network cutoff frequency.
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that of the main line while the bias current is adjusted

for a ~lN junction resistance of twice that of the other

diodes. Note that the SWR is improved considerably.

When the diode bias currents are zero, and the

attenuation is practically zero, a different method of

analysis is applicable. The array is now a capacitively

loaded line whose characteristic impedance can be com-

puted from the image parameters of a single capacitance

loaded section. It is

{

1 – Q’,/cOO’ – (ti/2c00) (2./2.) tan 19/2 lf~
ZI = 20

}1 – (0’/’(00’ + (u/2@J (20/2,) cot 0/2 ‘

where

Z.= the equivalent circuit impedance,

20= the unloaded line impedance,

6’= the angular diode spacing (6’ = w]um. 7r/2, where

u~ is the midband radian frequency),

UO= the diode equivalent circuit cutoff radian

frequency.

The loaded characteristic impedance is frequency de-

pendent and is smaller than 20. With the loaded line ter-

minated in 2., the input reflection coefficient at any

given frequency will be dependent upon the effective

loaded line length, and will be a maximum when this

length is an odd number of quarter wavelengths. Sil]ce

attenuators consist of many diodes, this condition will

be satisfied at many frequencies within the operating

band, so it is instructive to calculate the case of worst

reflection as a function of frequency. Assuming the line

of impedance 21 an odd number of quarter wavelengths

long and terminated in 20, the maximum SWR is

(2,/2.)2. This is plotted in Fig. 6 (labeled R/ZO = ~ )

as a function of d = w/u~ r/2, for the case where the lmicf -

band frequency Mm is one quarter of the diode equivalent

circuit cutoff frequency, OJO,and may be compared with

the SWR curves for the attenuating cases. As expected

the SWR increases with frequency. At the upper end

of an octave band (0= 120°) the SWR can be as high

as 1.64. This case where ti~ = 0.2500 is considered to be

the practical limit in designing attenuators. Actually,

the true SWR oscillates between zero and the infinite

R/Z. curve.

Improvement in the match can be acconlplished b}-

using end elements of lower capacitance. Calculation

shows that the capacitance of the end element should

be just half that of the elements in the main array for the

best match at midband, which means a diode circuit

of twice the impedance of those in the array. This case

is plotted in Fig. 7 (labeled R/Zo = oc ) and SI1OWS Con-

siderable improvement in match over an octave band.

Another important consideration in attenuator design

is the zero-bias insertion loss. Since the transmission line

is loaded by lossy capacitances at zero bias, the insertion

loss is greater than the loss of the line alone. The loss

near band center is of the order of

[ 1A + 8.686n ~ db,
L- ~A

where

A = the db attenuation with no diode loading,

gZo = the normalized zero-bias diode conductance,

n = the number of diodes in the attenuator array.

The capacitive susceptance loading has a negligible

effect on the rnidband insertion loss. The resistive loacl-

ing can be quite important, as will be demonstrated

later with experimental data. T}-pical values of gZO are

of the order of 0.01.

IV. EXPERIMENT.\L RESULTS

Before discussing the results obtained with experi-

mental attenuators, it is important to consider some of

the practical problems associated with forming an array

of diode elements. The biggest problem is the random

I’lN junction characteristics in a given production

batch. The effective lifetime varies considerably and the

1 layer thickness may not be perfectly uniform. Some

data is shown in Fig. 8 which indicates the effect of

these characteristics. The bias current required to pro-

duce 50 ohms resistance at 4 Gc was measured for a

nulnber of junctions mounted On posts in the strip-line

shown in Fig. 1. The effective lifetime of these junctions

was then Ineasured by a technique which involved a

measurement of the time required for a reverse current

to sweep out the stored charge after a very fast change

of bias from a known forward current to a known reverse

current. Such a measurement yields a time which is

really a combilmtion of lifetime and transit-time effects.

Junctions with two different 1 layer thicknesses, one

twice the other, were used. Not only does the current

required to produce a given resistance vary from one

diode to another, but so also does the voltage-current

relationship. To produce an equal element attenuator

whose characteristics can be compared directly with the

theoretical characteristics developed in the previous sec-

tion is difficult unless each individual diode current is

controlled. Instead, diodes are usually classified accord-

ing to the voltage required to produce 50-ohnl resistance

value and arral’s are actually tapered by putting the

lower voltage (long lifetime) diodes in the middle and

the higher voltage (shorter lifetime) diodes at the ends.

All diodes are connected in parallel to receive the same

voltage from the bias source, so that a tapering of re-

sistance values occurs.

All 1 l-diode attel~uator was constructed in the un-

symmetrical strip-ii ne structure originally described in

Fig. 1 with quarter wave length diode spacing at 1.5 Gc.

The attenuation as a function of frequency at different

bias currents is plotted in Fig. 9(a). The experimental

data does not agree too well with the theoretical curves
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Fig, 9—(a) Experimental data showing attenuation as a function of
frequency at different bias current le~-els for an 1 l-diode at-
tenuator array in unsymmetrical strip-line with quarter wave-
length diode spacing at 1.5 Gc. Cross-section structure is shown
in Fig. 1. (b) Insertion loss of the 11 -diode attenuator \vith and
without diodes inserted.

of Fig. 5 for the reasons discussed above and because the

diode equivalent circuit cutoff frequencies and inl-

pedances are not quite the same for the two cases. The

continuous tapering of the diode resistance values in

the array is also a factor. ‘l’he zero-bias insertion loss

of the attenuator and the insertion 10SS of the trans-

mission line alone are shown in Fig. 9(b). The line losses

and the diode loading contribute about equally to the

total insertion loss. lLIeasured ~mlues of diode resistance

at zero bias were in the range of 5000 ohms. Using the

approximate relation for rnidband insertion loss given

previously, with .-l =0.3 db, n= 11, and gZO=O.01, the

loss contributed by diode loading would bring the total

insertion loss to 0.78 tlb which is the order of magnitude

observed at midband.

An attempt was made to selec t diode elements to form

an approximately ‘iequal” element array, for which

SWR data is presented in Fig. 10(a). h~idband SWR

values are not far from theoretic-al values, but variation

with frequency is somewhat different. The SWR at zero

bias is due chiefly to the reflections from the connectors

on the attenuator, which are t>-pe N with transitions to

the strip-line, and the diode loading effect is almost

negligible. The SWR of the tapered array for which the

attenuation curves of Fig. 9(a) apply, is shown in Fig.

10(b) and indicates the considerable improvement which

results from tapering resistance values.

Data is presented in Figs. 11 and 12 on a ridged wave-

guide attenuator of the type represented in Fig. 3 and

Table III. The array consists of 12 diodes spaced a

quarter wavelength apart at 10 Gc. The attenuation aud

SWR curves roughly follow theory when compared to

Figs. 5 and 6. Midband frequency is about one quarter

of cutoff, although the circuit impedance is low. .%ttenu-

ation curves tend to rise with frequency at low attenua-

tion levels and tend to drop with frequency at high

attenuation levels. The improvement in SWR attained

in Fig. 12(b) is a result of tapering the resistance values

in the array as discussed before. The diode mounting

posts were identical for all elements. The zero-bias SWR

shown in Fig. 12(c) is chiefly due to diode capacitance

loading, since measurements were made in standard

X-band waveguide with long tapers connecting to the

attenuator and resiclual SWR was of the order of 1.05.

No attempt was made to improve the zero-bias SWTR

by using higher impedance end-element mounting posts.

However, some tapering ill cliode j unction capacitance

values may be present.

The manner in which the attenuation of a I’lN diode

attenuator varies with the total applied bias current and

applied diode voltage at different temperatures is shown

by the experimental data in Fig. 13 over a limited range.

This data was taken on a 12-cliode attenuator desigl~ed

for the 2-to-4-Gc frequency band in unsymmetrical strip

line and the sallle voltage was applied to all diodes. The

attenuation in db varies almost linearly with current,

while the variation with voltage follows the exponential

diode law. If a constant diode voltage is maintained, the

attenuation rises rapidl~r with increasing temperature.

W’ith a constant current, the attenuation drops with

increasing temperature ancl only by a small amount. The

fact that the attenuation varies oppositely with tem-

perature for constant-voltage and constant-current

operation suggests that an optimum voltage and source

resistance would give temperature compensation. This

compensation, however, is only achievable for some

particular attenuation level. Nlore sophisticated meth-

ods of temperature compensation are possible but have

not been tried.



Fig. 12—(a) Experimental data showing the SWR as a function of
frequency at different bias cnr:ent levels for a 12-diode ridged
waveguide attenuator array with ‘(equal” elements. Diodes are
spaced a quarter wavelength apart at 10 Gc. Cross-section struc-
ture is shown in Fig. 3. (b) SWR of the 12-diode ridged wave-
guide attenuator array with diode positions chosen so that a
tapering of junction resistance values occurs at the ends of the
arra}~. (c) SWR of the 12-diode ridged waveguide attenuator
array at zero bias.
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Fig. 10—(a) Experimental data showing the SWR as a function of
frequency at different attenuation levels for the 11-diode un-
symmetrical strip-line attenuator array with “equal” elements.
Diodes are spaced a quarter wavelength apart at 1.5 Gc. Cross-
section structure is shown in Fig. 1. (b) S\VR of the 1 l-diode
attenuator array with diode positions chosen so that a tapering
of junction resistance values occurs at the ends of the array.
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Fig. 1l—(a) Experimental data showing the attenuation as a function
of frequency at different bias ct!rrent levels for a 12-diode ridged
waveguide attenuator array. Diodes are spaced a quarter wave-
length apart at 10 Gc. Cross-s: ction structure is shown in Fig.
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Fig. 13—Experimental data showing the variation of attenuation
with bias current and bias voltage at two different ambient
temperatures. A 12-diode unsymmetrical strip-line attenuator
with a quarter wa~-elength spacing at 3 Gc was used.
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17. HIGH POWIIR EFFINTS

One of the most important effects occurring at high

power levels is that of harmonic generation, which can

be a serious problem when using diode attenuators over

broad frequency ranges. As mentioned earlier, the PIN

diodes should contribute very little harmonic generation

and this is borne out by the experimental curves shown

in Fig. 14. The 12-diode strip-line attenuator designed

with 3-Gc center frequency was again used for these

Ineasurements which were made at 3 Gc. Total har-

lnoilic content in the signal output of the attenuator is

Iuore than 45 db below the fundamental output at a

l-watt incident power Ievel.

The ultimate power limit of PIN attenuators is de-

termined by junction breakdown at high temperature.

Some tests were made with a single diode element

mounted in the unsyrntnetrical strip-fine structure of

Fig. 1. Bias current was adjusted to produce 3-db trans-

mission loss as incident microwave power was gradually

increased. Burnout occurred at an absorbed microwave

power in the diode of 3 watts, at which time the diode

became permanently short-circuited. Examination of

the strip-line showed some softening of the plastic di-

electric just beneath the center conductor strip at the

diode contact point indicating that the j unction tem-

perature had reached a few hundred degrees Fahrenheit.

Some tests were also conducted on an attenuator array

in which the junction resistance ~’alues were tapered.

The attenuator used for these tests was the ridged wave-

guide structure described earlier and represented in

Fig. 3. Operating frequency was 10 Gc. Ylrith diodes

biased in parallel with the same applied voltage, a

thermal runaway effect and burnout occurred in the

first diode of the array at incident power levels ap-

proaching 1 watt since, with increasing temperature,

the first diode kept absorbiug a greater proportion of

the incident power. The effect was prevented by placing

a resistance of several thousand ohms in series with each

individual diode of the array so that each diode received

its bias from a constant-current rather than a constant-

voltage source. Curves were then plotted of attenuation

vs total bias current at different incident microwave

power levels. The attenuation range covered was zero

to 50 db. Up to an incident power level of 5 watts, the

attenuator behaved normally. When the power level

was increased to 10 watts, burnout occurred in the third

diode of the array as soon as bias current was applied.

From the tests described above, it can be concluded

that power levels of the order of 5 watts can be handled

b}- PIN attenuations provided proper attention is paid

to tapering of the junction resistance values i n the at-ray,

to the maintenance of good thermal contact of the

junctious to the transmission line, and to the biasing

method providing constant current sources for indi-

vidual diodes.

&T7EN”&T10N -db

Fig. 14—Experimental data showing the harmouic output le~el of a
12-diode unsymmetrical strip-line attenuator at different input
prover levels as a function of the attenuation setting. Diodes in
the array are spaced a quarter wavelength apart at 3 Cc. Op-
erating frequency is 3 Gc.

ITI. PC7LSE NIoDUL.+TION

As stated earlier, fast pulse modulation of RF signals

is difficult with PIN diode attenuators because the

stored charge takes some time to build up and decay.

With the diodes nornlally biased with the current re-

quirecl to produce the appropriate ‘~RF OFF” attenua-

tion, it is necessary to remove the stored charge to pro-

duce the “RF ON” condition and then restore the

charge to produce the “RF OFF” condition again, re-

sulting in a short “RF ON” pulse. If the bias current is

merely switched from the normal attenuation value to

zero and back again the RF pulse time constant will be

very long. Charge build-up throughout the 1 region is a

complicated function of diffusion as well as recombina-

tion effects. One cannot assume uniform charge distri-

bution in order to get a simple analysis. If it were possi-

ble to apply a large quantity of charge to the diode with

a current impulse, diffusion would be the governing

mechanism initially. If this charge quantity is much

larger than that required to produce the steady-state

conductivity, the RF pulse would be speeded up in

proportion. In an analysis of this nature, an important

deduction is that the speed of the diode is limited by

the 1 layer thic!-u~ess and, in fact, varies inversely as

the square of this thickness. Thinner 1 layer diodes are

to be preferred. However, one has to pay the price of

higher attenuator insertion loss because of the lower

zero-bias resistance.

To approximate the charge source condition, a large

differentiated voltage pulse is applied to the diodes

superimposed on the small forward bias required for

steady-state attenuation. A pulse modulation experi-

ment was conducted using the Ii-diode array for which

data was presented in Figs. 9 and 10. Steady-state at-

tenuation was set at 60 db. Rise and decay times of the

order of 10 to 20 nsec were achieved with a 15-volt

driving pulse. 1n comparing this device with faster single

diode switches, all additional limiting factor is the ca-

pacitance of the relatively long length of transmission

line which must be charged by the voltage source.
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Pulse modulation tests were also made on the 12-

diode ridged waveguide attenuator at 10 Gc. In this

case, 5000-ohm resistors were placed in series with each

diode, each resistor being pybassed by a capacitor to

allow direct application of the modulation voltage pulse

to the diodes. .4s discussed previously, the series resistors

prevent the thermal runaway effect at high incident

power levels. The detected microwave output pulse and

the reflected signal at the attenuator input were both

observed as the incident CW microwave power level

was increased. Pulse shape was maintained with about

a 15-nsec rise and decay time, and reflection was low up

to an incident power of about 2 watts. At this level, the

reflection suddenly increased and the output pulse shape

became degraded, indicating breakdown in the initial

diodes of the attenuator array. Upon reducing the inci-

dent power level, conditions returned to normal, indi-

cating no permanent damage to the diodes.

VII. COnClUSiOn

In conclusion, a comparison between Pi-N diode at-

tenuators and attenuators employing other diode types

is appropriate. Garver2 gives a complete theory of diode

switches employing point contact and P-N varactor-

type diodes and a bibliography of earlier work. Several

modes of switching operation are described using a

diode both as a series and as a shunt element. The low-

frequency shunt element mode corresponds roughly to

the operation used here with PIN diodes, but induct-

ances and capacitances are so large that the frequency

range is quite low. Other modes of operation at higher

frequencies involve resonant conditions to obtain atten-

uation by reflection of the incident power. 31ulti-

element attenuator design would involve reactive filter

techniques and bandwidths would be limited. It should

be pointed out that high speed switching of microwave

power is the goal in Garver2 and switching speeds of 1

nsec are achieved with the fast diodes which are used.

Bandwidths are limited in the case of the point contact

diodes because of the high catwhisker inductance and

cartridge capacitance, and in the case of the P-N varac-

tor diodes, because of high cartridge capacitance and

high forward-bias capacitance. YL’hen used as a continu-

ously variable attenuator, it would seem that harmonics

would be generated, although no data is available.

The shunt capacitance of the PIN diode remains low

with forward bias, An additional advantage for attenu-

ator design is the broad-band mounting structure with

very high cutoff frequency which allows variable re-

sistance operation. Since no encapsulation is used, the

attenuator box itself must ‘be sealed against humidity,

or the junctions must be sealed by some coating

technique.

Attenuators of the type described here are very- useful

as amplitude levelers for signal generators. In such an

application the attenuator is followed by a directional

coupler and detector sampling the transmitted signal.

Detector output is then amplified and fed back to the

attenuator. In addition to maintaining a constant out-

put level, this also results in a very good source im-

pedance match which is ver>- important in many appli-

cations. As a pulse modulator the device is capable of

a 10-nsec rise time, which is quite good for many

applications. The fact that it is well matched in both

ON and OFF conditions reduces its frequenc~- pulling

effect on the signal source to a negligible amount. Any

desired OIN-OFF ratio can be achieved by appropriate

choice of the number of diodes in the attenuator, and

insertion loss is quite low. Powers of the order of watts

can be handled with negligible harmonic generation.

Octave bandwidths are easily realizable with 4-to-5-db

loss per diode. By increasing the number of diodes and

operating with lower loss per diode, the flatness of the

attenuation characteristic as a function of frequency

can, of course, be improved at the expense of insertion

loss. The ultimate frequency limit of PIN diode attenu-

ators will be imposed by the diode junction shunt

capacitance and the finite mounting post length. If the

gap in the ridged wavegtiide structure of Fig. 3 were

reduced to 0.015 inch and diodes with 0.035-pf shunt

capacitance were used, a cutoff frequency of 61 Gc

would be computed. In this case the maximum operating

frequency would be of the order of 20 Gc.

APPENDIX I

DERIV.ITION OF THE IM.\GE PARAMETERS FOR

ATTENUATING ELEMENTS

When the attenuator section of Fig. 15 is repeated as

an infinite array, the reflection coefficient at the input

and output of the section is I’,, termed the image re-

flection coefficient. The flowgraph corresponding to this

situation is also shown in Fig. 15. Here I’, the reflectiol~

coefficient of the shunt admittance, Y, when terminated

by a matched load, is

– Y/ r,
r=

Y/ Yo +2”

By- the rule for solution of flowgraphs,3

which, replacing exponeutials by sine and cosine and

simplifying, becomes

“+2r’[cOs’-’sin8w)l+1=0
s J. K. Huntoa, “,\nalysis of micro\vave measurement techniques

by means of signal flow graphs, ” IRE TRANS. ON MICROWAVE
THEORY .4ND TECHNIQUES, vol. IVIT’P8, pp. 206–?. 12; March, 1960,
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Fig. 15—Attenuator section and flowgraph used for determining
]mage parameters for an array of netw-orks spaced 8 degrees
apart on a transl]lissiou line of characteristic admittance 1’..

Noting that

l+r 21-0
.——

r Y

and solving the quadratic equation,

F(I
ri= –cos O–2J~sin6’

+[-SinO(I+J:)+2 ~$Si11201”2
The transmission coefficient T, per element in the

infinite array can also be obtained directly frolu the

flowgraph:

~ = (1+ I’)e-J’
,

1 – rrte–,~’

and the voltage ratio loss per element is

1

FT’e’o(l+?%)+&

@ _ rri

F=

Substituting for e?%and for r,,

“= cOs:i~:;:&)+’;ksin”T”

APPENDIX II

DERTV.\TTON OF THE lM.\GE IMPEDANCE OF

C~PACITANCE LOADED LINE

Ileferring to the circuit of Fig. 5 and using the defini-

tions

the norlnalized shunt susceptance at zero bias, or R = w ,

is

- w z,,

Y

~—. -–

@o ZC
—

E–
1–:

OJ02

\Vriting the open- and short-circuit admittances for a

half section

-—
Yo – ~ H@/4 (WLJ tan ~i;

,-

1 – cF/clJo’

1’,,

Yo –
– j cot 0/2.

The normalized image impedance is then,

ACKNOWLEDGMENT

The authors wish to express their thanks to H. E.

Overaclcer, L. N!tadden, and H. E. Hiner for their coll-

tributions in the manufacturing of PIN junctions suit-

able for microwave attenuators, and also to J. L. Moll,

J. G. Linvill, and R. B. Riley for their contributions to

the proper understanding of the semiconductor physics.


