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Electronic Phase Shiker for Millimeter-Wave

Dielectric Integrated Circuits

HAROLD JACOBS AND METRO M. CHREPTA

Abstract-A new system is proposed for millimeter-wave inte-

grated circuits. It ia suggested that high-resistivity silicon be used
as a medium for a dielectric waveguide. WW the advent of high-
resistivity silicon, propagation can occur with relatively low Iosa.
Furthermore, since the medium is a semiconductor compatible with
active devices, it is proposed that active devices can be constructed
directly in the semiconductor dielectric guide or appendaged di-

rectly on the surface. The baaic approach ia similar to that used in

integrated optics, except that the medium for millimeter-wave

guidance ia a semiconductor and the control devices rely on con-

ductivity modulation rather than on electroopticsl effects.

Some particular devices suggested are oscillator, mechanical

and electronic phaae shiftera, amplitude modulators (switshes), and

detectors. The first of such devices investigated has been the elec-

tronic phase shtiter. Related theory and experiments are reported
here. In addition, preliminary reaulta on oscillators imbedded in a

dielectric resonator are presented.

I. INTRODUCTION AND BACKGROUND

I N THE APPROACH to millimeter-wave and sub-

millimeter-wave circuitry, it has become apparent

that the techniques commonly used in the microwave

region are inapplicable. In” the design of microwave

integrated circuits using stripline, for instance, the losses

are prohibitively high at frequencies higher than 30 GHz.

In the case of waveguide components, operation can be

obtained up to about 140 GHz and somewhat higher, but

the cost of machining metal guides becomes increasingly

a matter of concern. In addition, many of the active

devices and components are really based on “lumped

constant” principles and at higher frequencies the need

exists for distributed devices and components, in order to

become more compatible with the distributed parameters

of the transmission line itself. It has therefore been

proposed that from the region of 30 GHz up to 300 GHz

and higher, optical techniques be employed.

One such approach used in the optical area is referred to

as “integrated optics.” In this approach [1]–[4], it was

suggested that a waveguide made of glass could be used

to transport electromagnetic radiation. Propagation is

carried out in the EN mode as indicated in Fig. 1, and

modulating elements, couplers, etc., could be designed.

Now the authors have proposed [5], [6] that a similar

principle be applied to develop millimeter-wave integrated
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Fig. 1. Semiconductor guide immersed in air dielectric. (a) Ckoss
section. (b) Field dktribution of the fundamental EW modle.

circuits. They have suggested the use of silicon (or gallhnn

arsenide) dielectric waveguides to act as the transmission

line. In addition, the devices and components often made

of silicon could be “built in” the semiconductor line so

that, in effect, one would have an optical line with active

elements incorporated, all of which are compatible and all

of which would serve to integrate millimeter-wave com-

ponentry.

Some of the devices suggested for integration are listed

as a source (IMPATT or Gunn generators), amplitude

modulator or switch, directional couplers, phase shifters,

and detector diodes. Some of these are sketched in Fig. 2.

With this background, we first considered an electronic

H-PLANE BEND DIRECTIONAL COUPLER
ANO FILTER

FROM ANTENNA
3

COUPLER

+

GUNN OR IMPATT DIODE IN RESONANT SLAB

WITH COUPLEO WAVEGUIDE a MIXER DIODE.

Fig. 2. Semiconductor dielectric waveguide devices snd components.
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phase shifter. This device could be used as a tuner for

impedance matching to a load, or for phase modulation,

or for phased array scanning. Before describing the elec-

tronic phase shifter, however., we must first consider

propagation in a semiconductor dielectric waveguide.

II. EQUATIONS FOR PROPAGATION

IN DIELECTRIC WAVEGUIDE

The original theories derived by Marcatili [1] result in

the following set of equations applied to Fig. 1. The propa-

gation constant in material ~ is

2U
k, = kn, = — n,.

A
(1)

In the semiconductor waveguide, we understand k, = kl

so that

k=~ = (klz – k=z - kvz) . (2)

Also,

k, = k.1 = kzz = ksi (3)

kg = kvl = kus = kvb. (4)

The attenuation constants are

k@=–~, kz, =–~,
t3

(5)
4 72 5

4 5

The propagation constant vector components are given by

(ks=p 1+ A3+A’-’
a ra )

(6)

(7)

‘z=H9(l+A3:A5)2
()(w 2 nZ2Az i- n~2A~ -2 1/2

—— 1+
b- )1 (8)

ml’b

Here,

4

and it is assumed that

[k~3/tr]2 <<1
5

1

[( T/A2)2 – kz2]1/’
(lo)

5

1

[(7r/A2) 2 – kJ]’12
(11)

4

and [kuAJr]2 <<1. (12)
4

Furthermore, a is the x dimension, and b is the g dimension

of the guide.

In applying these equations to high-resistivity silicon

surrounded by air, we assume the dielectric constant of

silicon w is 12. That is, nl = 12 for silicon and m = n3 =

n’ = n’ = 1 for air. With this background, we can now

describe several experiments related to propagation in the

semiconductor.

III. MEASUREMENT TECHNIQUES

‘Long lengths of semiconductor (resistivities greater

than 10000 f2. cm silicon) dielectric waveguide were pre-

pared with different cross-sectional geometries. We refer

to these as cases 1, 2, and 3. In case 1, the dimensions were

a = 1.58 cm, b = 0.79 cm. In case 2, a = 1.58 cm,

b = 0.3 cm. In case 3, a = 0.5 cm and b = 0.3 cm. In

these experiments, the frequency was maintained at 16.4

GHz. In later experiments, the frequency was set at 70.5

GHz, and here, the samples were a = 0.31 cm and b =

0.155 cm in cross-sectional dimension. The first tests were

run at Ku band only because of ease of fabrication and

availability y of electrical equipment.

In case 1, the wavelength in the material is

1
hl=~—

3 x 1010 1

j (12)1/2 =
— = 0.53 cm

1.64 X 10103.46

so that the dielectric waveguide can be considered to be

oversized in both the a and b dimensions; in case 2, only in

the b dimension; and in case 3 we did not have the over-

sized waveguide. In the method of measurement for all

~hree cases, the ends were tapered for transitions with

minimal reflection from a standard Ku-band waveguide

operating in a TE1O mode to dielectric waveguide. Where

the b dimension of the dielectric was considerably smaller

than 0.79 cm of the conventional waveguide, metal transi-

tions were placed on top and bottom inside the waveguide

as shown in Fig. 3. Now-, & was measured in several pos-

sible arrangements. In Fig. 4, a probe was placed just

above the silicon surface, and VSWR-t ype measurements

were made. To measure k= in the arrangement of Fig. 5,

we used a metal waveguide filled with silicon dielectric

and, placed it in the test section. Here, we calculated XZO

the guide wavelength, with a silicon-filled waveguide.

Next, the piece was taken out and the metal waveguide

cover removed. The silicon alone was then inserted in the

test, section and the phase change noted. Then, using

“=@+,=(HAz ’13)
where Al is the length of semiconductor, k.~ is the wave-

length in the silicon-filled metal waveguide, and X. is the-”

wavelength in the silicon dielectric waveguide, we could

determine A@. Checks of this sort (replacement techniques)

have been run with oversized waveguides and gave almost

perfect agreement with theory.

Another method of using the setup in Fig. 5 was also

tried which gave more flexibility. The test section con-



JACOBS AND CHREPTA : ELECTRONIC PHASE SHIFTER 413

( SIDE VIEW
METAL

(
SILICON GUIDE

1~
TOP VIEW

Fig. 3. Launcher from metal waveguide to dielectric waveguide.
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Fig. 5. Experimental setup to measure x,, x.,, a, O.

sisted of a silicon dielectric waveguide with transition

points and no metal covering. Here the wavelength k.

could be calculated. Next, a metal plate was placed on top

of the silicon, and k=’ the wavelength with metal cover,

was calculated. Then, by (13), the calculated phase shift

was compared with the experimental phase shift measured

with the bridge. The physical arrangement is shown in

Fig. 6 for the insertion of the semiconductor in the test

section and covering the upper surface with a conducting

medium.

IV. MECHANICAL PHASE SHIFTING

IN DIELECTRIC WAVE GUIDES

We shall now describe experiments in which measure-

ments were made on changes in phase shift due to the

presence of a metal plate placed on top of the upper

boundary.

In carrying out the calculations relating to these ex-

periments, we shall use the equations produced by Mar-

nn nn

-A-ilfl +AIR

A Uu 0 11~

(al

lb)

Id

(AI

Fig. 6. Waveguide test section.

cat~l [1] rather than nomography, charts, etc. The reason

for this is that we want to get deeper insight into the

behavior of the propagation constants in order to appre-

ciate the mechanisms of their changes. In addition, in

comparing theory and experiment, one can better appre-

ciate the reasons for differences.

Case 1: Here,

~ = 16.4 GHz a = 1.58 X 10-zm 72’2,a,4 ,15 = 1

Aair = 1.83 X 10-2 m b = 0.79 X 10-Z m

nl = 3.464 p=g=l

and

Aj = “i’
z(~lz – ~j2) w

= 2.76 X 10-3, j = 2,3,4,5I

(k==~ I+ A3+A’ -’=,79
2 tra )

( )

~, = : 1 + n22A2 + n42A4 -1 = 392
Tnl’%

k, = [k? – kzz – k}]llz = 1105

2T
A.=~= 5.68 X 10-3 m (14)

z

where k. and AZrefer to the propagation constant and ‘wave-
length in the direction of propagation for the E1$Jmode for

the silicon dielectric waveguide (Fig. 7).

With the metal on top, ky’ behaves approximately as if

the height b were doubled [7], and the propagation vector
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Fig. 7. Propagation wnstants as a function of dimensions of
dielectric waveguide.

components change as follows:

k=’ remains the same = 179

k; = 195

kg’ = 1160

A,’ = 5.43 X 10+ m (15)

where the primes indicate the semiconductor is covered

with a metal top. The change in k, can be determined from

the value of b in Fig. 7.

The calculated phase shift from 1 cm of metal cover to

no metal is

Ad = (k.’ – k.) Ai = (1160 – 1105) 10–2 s 33°. (16)

By experiment in four runs, we obtained a value of 350/cm

which indicates that the agreement between theory and

experiment is good for the oversized waveguide (case 1).

Further details are shown in Table I.

‘Next, we consider case 2, where a = 1.55 X 10-2 m

and b = 0.3 X 10–2 m and case 3 where a = 0.5 cm and

b = 0.3 cm. Using (14) again with ~ = 16.4 GHz, A.i, =

1.83 X 10–2, calculations were made of the propagation

constants of the silicon dielectric waveguide with no

metal on the upper surface and then with a metal plate

applied to the upper surface.

In Table II, we have listed the results of calculations

and experiments related to mechanical phase shifting.

Several conclusions become apparent. Iri applying the
[‘integrated optics theory” to silicon waveguide, agreement

is better on slightly oversized waveguides. Smaller dimen-

sion waveguides give only approximate agreement. This

is because with smaller dimensions the kz and kv terms

become large and approximations pertaining to “nearly”
TE modes start to become invalid. Even with some ap-

parent disagreement in the case of smaller cross-section
waveguides, the approximation technique of Marcatili is

still exceedingly useful in that it gives good physical

insight and meaning into how the waves are actually

behaving in and around the semiconductor. For this

reason, when combined with some direct measurements,

the Marcatili approximations perform a vital service.

We also note that a mechanical phase shifter in itself

could be a useful device. In no caae did we find any per-

ceptible change in attenuation with change in phase, and
in addition, the insertion loss was pearly zero.

TABLE I
PHASE SEIFIGMEASUR3SD VERSUS CALCULATED*

Phase Shift Phsse Shift
Lengt~co~)Metal A+ Meemmxi A4 Ctdculated

(degrees) (degrees)

0.6

:::
8.0

a In all of these experimental changes in phase shift, there wss no
observable change in the attenuator (A) required to find the null
point of the bridge.

TABLE II
COMPARISON OF CALCULATED AXD EXPERIMENTAL VALUES OF PHASE

SHIFT PER @NTIME~R W3TH AND WITHOUT METAL PLATE ON
UPPER SURFACE

c.tslI m. 1 CA22 Ko. 2 cm?a NO.3

Ssrcatw. l=Jb=o.7gcm t==lb = 0.3 m nb.0.3ca

APPmxmmtia ..l. *m a - 1.55 em a.0.5cii

% a76 x 10-% ?J6 x m-k e.76 X 10-k

4 179m-l l?Vm-l m m-l

%
~ *-1 %Xm-l $98 .-1

% uo5 m-l 63s m ‘1 4sr UI-l

‘1
~am-l ~ ~-1 w6 .-*

A= 5.68 x 10-3Q 9.85 X 1“-% 1.375 x lo-%

with 14$tal ml
mm &Jrfw2e

%’ 179m-l 177m-l b26 m-l

5: 195 525 .525

u& loco 955

:’ 5.40 x 10% 5.92 x m-% 6.55 X l“%

A more general way of looking at the action in changing

k. and phase angle is obtained by considering normalized

graphical techniques. Using Marcatili’s and Goell’s nor-

malized propagation constant P2 = [(kz/kO)z — l]/[nlz — 1]

and normalized guide height B = (2b/XO) (nIz — 1)1/2 to

plot the propagation curves for the fundamental E1lU

and E@ modes, it is convenient for observing- the per-

centage of energy contained within the guide for various

waveguide dimensions, aspect ratios, and refractive in-

dices. Also, Knox and Toulios [9] plotted k~~~? versus B

which varies from 1 to nl as a function of the normalized

height of the guide. This plot shows the poor guidability

at kO/Az = 1, where almost all of the energy is external to

the guide. At & = nlh for a wide range of B, the energy,

is almost wholly contained within the guide.

Placing the metal boundary-on the waveguide effectively

doubles the height or B dimension obtaining the image

guide configuration as reported by Knox, Toulios,

Schlesinger, and King. For example, in the EIIU curve

depicted in Fig. 7, a change in B from 1 to 2 shows a

XO/& change from 1.4 to 2.8, a decrease in h=. The as-

sumption is made here that the change in results is small

even with a change in ratio of a/b or the aspect ratio.

This approach shows in one glance why the wavelength
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(and hence, phase) changes in the dielectric waveguide

when one covers the dielectric with metal and, hence,

changes its b dmension.

v. ELECTRONIC PHASE SHIFTING

The mechanical phase shifter leads to another possi-

bility y. Suppose instead of applying a metal to the upper

surface of the semiconductor we attach a semiconductor

plate to the upper surface. This plate might have built-in

p-i-n structures so that it becomes conducting or non-

conducting. This would be equivalent to mechanical~y

placing a metal plate on the surface or removing it. Some

suggested structures are shown in Fig, 8,

All of these structures have been tribal and best results

have been obtained with arrangements in Fig. 8(b) and

(c). We shall next describe the experiment in greater

detail.

First, for the test section of the silicon dielectric wave-

guide, a piece was cut, ground, and polished to the dimen-

sions of 0.3 by 0.5 cm. This was used in the greatest

number of experiments.

The silicon waveguide was inserted in the test section

of the bridge shown in Fig. 5. The net insertion loss for

the dielectric guide only was about 1 dB due to mismatch

at the launch ends. This gives a transition loss at each

end of 0.5 dB per transition.

The first type of electronic phase modulator was con-

structed as follows. Junctions were formed in a silicon

piece with initial resistivity of 10000 Q” cm. The geometry

is shown in Fig. 9. ,This p-i-n diode was then placed on the

upper surface of the silicon guide, 0.5, X 0.3 cm in d@en-

sion. With this particular sample, when the modulator

was placed on the silicon guide, there was a 6dB mis-

match with the arrangement shown in Fig. 10. But,

beyond this, there was no change in attenuation with

forward bias of the p-i-n diode. Experimental results are

shown in Fig. 10.

At optimum phase shift conditions; we obtained &p, =

26° or, for an active length of junction region of 0.45 cm,

the phase shift was 580/cm. The insertion loss was about

5.9 dB, but most of this was due to ,excess metallization

for contact to the junction regions. From tests on other

samples, the insertion loss due to mismatch of the diode

with thk geometry was about 2 dB.

Next, we consider another experimental sample 6.

Here, the geometry was the same as indicated in Fig. 9.

The specimen was originally 3 mm in height with the

junction region as indicated. The bottom edge WAS ground

and polished so that the junction region of the appendage

was closer to the ,silicon waveguide, 0.3 X 0.5 cm in cross

section. This resulted in moving the junction regions down

closer to the waveguide. The insertion loss was 3 dB at

16.4 GHz and little .or no change in attenuation was noted

during the phase shifting process. The active region of the

junction was 0.6 cm in length, so that the phase shift per

centimeter was 300/0.6 cm = 500/cm.

In the next run, the same sample 6 was heavily coated
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Fig, 8. Geometries of electronic phase modulator.
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Fig. 9. Electronic phase shtiter.
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Fig. 10. Phase shift versus bias, current (sample 3, 0.45:cm active
length).

with iridium in order to make better contact to the metal-

lized junction regions. The me~allization of the junctions

is now Cr coating, CrAu coating, Au coating,’ and In coat-

ing (heavy as in a solder contact), Here the insertion loss

was 3 dB due to mismatch. Also, unlike the previous

samples, the presence of large In contacts seemed to reflect

more loss into the line during phase shifting, but the plhase

shift was enhanced. Now 58°/0: 6 cm of active region was

found or 970/cm. Data are indicated in Fig. 11.

Experiments were also tried at 70.5 GHz using the

bridge tecluiques as shoyn in Fig. 5. Here ihe inner

dimensions of the metal guide were 0.366 x 0.183 cm and
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Fig. 11. Phsse shiit v’ersus bw current (Ssmple 6, In coated).

the semiconductor dielectric waveguide was 0.314 X 0.157

cm. Thus the silicon “&de was oversized. A rough estimate

of AZ and A@/Al for the EdI mode can be obtained as

follows. From tied calculation or. from ~ig. 7 %th B =

2.7, & = iO/3.15 = 0.426/3.15 = 0.135 cm. Then k, =

2u/O. 135 = 46.50 cm–l. With the metal image plane,

B = 5.4. ,

We estimate that this gives, a & close to that found in

the infinite seiniconductor medium and k= ~ h~nl =

0.426/(12)11’ = 0.123 cm andk,’ = 6.28/0.123 = 51.0 cm–l.

With A@/cm = (51.0 – 46.5) = 4.5 rad, we obtain

2550/cm.

Now in meaimrementsi with ? metal strip, we obtain

data as in Table III. Here again, for the c~e of a slightly

oversizqd waveguide, the agreement of calculated wave-

length ~z in the semiconductor waveguide with measured

values is good. We ~ve also assumed in this calcuIatitm

that the transition from the TE1o mode in t,he metal wav~

guide tp the EdI mode in the sticon guide is made with

little probability of a jump to ,higher ~~n~ modes. This

assumption appears to have worked well.

Next, we describe an electronic phaee shifter oper.a~~g

at 70.5 GHz. The p-i-n diode now consisted of a mhcon

piece approximately 1 cm in Ienj$h. Its cross section w&

triangular in shape, as shown in Fig. 8(c) and Fig. 12.

Each edge was approximately 0.3 cm so that when the

p-i-n diode was placed on the waveguide surfa6e, almost

W of the area of the guide under the diode was covered.

As in the case of the other diodes previously described,

the junctions were formal by metal arcing in a Forn&g

Gas atmosphere.

In this case, as excess ciwriers are injected in the fonykrd

bias condition, the Mgh conductivity starts at the upper-

most qdge of the t-iiangdar piece. As current is increased,

the conductivity ticreases in a downwaid motion. This is

essentially controlling the height of the dielectric g&de.
ThW in changing the effective b dimension k~ dqweases,

increasirig k= for a change in Az. Experimental rwmlts are

shoym iri Fig. 13. There was no change h atteimation with

bias &rrent up to. 1.75 A. At this point, there was a 35°

change in phase. The initihl mismatch loss due *O placing

the modulator on the silicon semiconductor guide was lesi

thari 2 dB. The increase in attenuation shown was caused

by heat transfer from the &ode to the guide.

TABLE III
MEASURED C&NGES IN PHASE SHIFT WITH ItfE~AL PLATE

Length of ,Metal Messured Ad calculated A+
(centimeters) (degrees) . (degrees)

0.2 45 51
0.5
0.8
1.0

,130
204
255

FRONT VIEW

Fig. 12, 70-GHz phsse shifter.
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Fig. 13. Phsse skift versus bks current (7o.5 GHz).

VI. SILICON SLAB OSCILLATOR

Utilizing the characteristics of a wave in a high di-

electric medium, a resonant structure was fabricated as

shown in Fig. 14. A Gti or IMPAm diode was mounted

on a post in the ceriter of a silicon slab. The resonant
frequency is dependent upon the n&ber of half wave-

lengths on each side of the @iode. The energy was coupled

ae shown into a silicoti waveguide system where the fre-
queficy and the power were monitored. The guide wave

length or tdg can be accomplished by placing the diode

used in the phase shifter experiments otito the coupled

waveguide. In this manner, the B normalized height of

the- slab resonatoi is electronically controlled as in the phase

fhifter by .modulatitig the conducti&ty over the coupling

length, varying the resonant dimensions of the slab of

silicon.

Using an X-band Gunn diode moimted in the silicon
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Fig. 14. Ku-band oscillator in silicon dielectric cavity.

slab at approximately one-third of the optimum rate

input power (4.5 V, 0.500 A), the diode oscillated at

14.8 GHz with 20 mW output. The preliminary experi-

mental resylts with ttis configuration showed greater

than 200-MHz tuning range with the maximum current

injection into the phase modulating p-i-n diode. The out-

put power over this frequeney tun@g range varied only

slightly. This experiment demonstrates that an oscillator

can be constructed with a silicon dielectric waveguide,

and in addition, resonant wavelength can be changed with

the electronic moddator previously described. A disk

resonator was also designed and constructed using an

image plane that also served as a heat sink for the diode.

Preliminary results are encouraging.

VII. CONCLUSION

An approach to millimeter-wave integrated circuits has

been suggested in which silicon dielectric waveguides are

used as a transmission lime. Compatible devices and com-

ponents can be built into the line or attached to the line

in such a manner that generation, control, and processing

of the signal can be carried out by conductivity y modulation

techniques. Experiments have been carried out illustrating

the characteristics of mechanical and electronic phase

shifters. In addition, preliminary work on an oscillator

imbedded in a dielectric cavity has been demonstrated.

The results presented here do not represent optimum

performance. The geometry of the phase shifters shculd

be optimized for minimum dimensions and minimum loss.

The silicon oscillators are multiwavelengths long. The

performance could be improved with shorter slabs and

optimized impedance posts.
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