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Fig. 3. Expenmentaf and theoretical performance of two nonidentical line
microstrip couplers. Coupler A — O — WI/H= 0.945, Wz/H = 1.89, S/H

= 0.315. Coupler B —e— W1/H= 0945, W2/H=l,89, S/H= 0.819. Ex-
periment —. Theory -----

tric constant of the substrate (c,) for a given asymmetry. As

expected, there is a significant variation in mode velocities with

c~. The computed values of mode impedances and normal-mode

velocities for different S/H, Wz / WI, and c, values are compared

in Table I with those of Tripathi and Chang [2]. The values of the

parameters obtained from the two methods are quite close (within

5 percent). However, for the case of tight coupling (S/H< 0.2),

the agreement is rather poor.

HI. EXPERIMENTAL RESULTS AND DISCUSSION

Two nonidentical couplers of 11- and 16-dB coupling at the

center frequency of 5.5 GHz have been designed on 25-roil-thick

(H) alumina substrate (c, = 9.6). The length of the coupled

region L has been chosen such that at the center frequency

(~~ + ~~) 1/2 = 77/2. At 5.5 GHz, Z turns out to be 0.544 cm. The
ratio of auxiliary linewidth to main Iinewidth for both the cou-

plers is 2, and the input is applied to the main line of smaller

width (W/H = 0.945). The performance of the couplers was

measured in the frequency range 4–8 GHz using an HP 8755

coax reflectometer system, and the results are given in Fig. 3

(solid line). Theoretical calculations of coupling and directivity

using the relations (l)–(7) in the same frequency range are shown

in the same figure (dotted line). A comparison of experimental

and theoretical results of coupling and directivity of the two

nonidentical line couplers shows a close agreement around the

center frequency.

IV. CONCLUSIONS

A method of computing normal-mode parameters using the

empirical relations of coupling coefficients of nonidentical cou-

pled lines has been presented. The computed values have been

compared with Tripatti and Chang. The agreement between

theoretical and experimental performance of two couplers made

on alumina substrate is found to be good. The principal limita-

tions of the method are that this is applicable for loose coupling

(S/H < 0.2) and for substrates having values of relative dielectric

constant greater than 6.
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amplitude transmission (WAT) matrix has been successfullyused to de-

termine the propagation constant, characteristic impedance, and the input

impedance of the terminated line. Samples have been fabricated for the

experimental verification of the above-mentioned quantities. Theory and

experiment show good agreement.
The filter-like propagation characteristic of the structure is exploited in

the realization of a bandstop filter. A grapbicaf design of such a filter is
presented and the insertion-loss measurement shows encouraging results.

I. INTRODUCTION

The development of microstriplines, both uniform and nonuni-

form, has received greater attention in recent years owing to their

practicability at microwave frequencies. Nonuniform transmiss-

ion lines have been studied and their applications as filters,

directional couplers, delay lines, and impedance matching net-

works have been reported in the past by many authors [1]–[9].

The periodic microstripline maybe constructed by modulating its

width as aperiodic function of length. Such a line can be realized

by sinusoidally varying the width or by sinusoidally varying the

characteristic impedance level. In this paper, the analysis of

sinusoidal width modulation is presented. The latter case of

impedance modulation will be reported soon in another paper.

The distributed loading is physicrdly achieved in this problem

by varying the width cosinusoidally along the direction of propa-

gation. The circuit theoretical approach using the wave amplitude

transmission (WAT) matrix has been employed to study the

propagation properties of the structure. The analysis is simpler

than the field theoretical approach and takes less time for compu-

tation. The accuracy of the technique c%, in principle, be im-

proved to any degree at the cost of computational time. The

disadvantage of the matrix method is that the closed-form expres-

sions may not be feasible if accuracy is at premium.

Fig. 1 shows the periodic line under consideration. The analysis

establishes the functional behavior of the periodic line with

respect to the propagation constant, the phase and group veloci-

ties, the characteristic impedance, and the input impedance. It

employs the WAT matrix of elementary sections consisting of

uniform lines and their step junctions. Stepped-width approxima-

tion of the sinusoidally modulated line is considered. Expressions

have been developed for the propagation constant and character-

istic impedance of the line and also the input impedance when

the line is terminated. Computer-aided analysis has been used for

higher orders of approximation where the closed-form expres-

sions are extremely difficult to obtain. Experiments have been

carried out and show good agreement with the theory.

Finally, a graphical method for the design of a bandstop filter

is reported. It is a direct application of the analysis carried out

and the results obtained. The filter is easy to design and shows a

sharp rejection band. It finds many applications in the field of

modern electromagnetic management. The depth of modulation

and the periodicity are the two parameters which control the

characteristics of the filter.

The structure has also been utilized in the design of a bandpass

filter which shows a null of about 75 dB. This may find potential

use in the up-link of a Satellite Communication system. The

structure can also be used as a patch radiator, for broad-banding

in the design of directional couplers, etc. These applications are

not reported here.

II. ‘flIEORETICAL ANALYSIS

A. Propagation Constant

Fig. 1 illustrates the sinusoidally varying rrticrostripline with

mean width WO and periodicity p. The continuously modulated

strip width is approximated as a cascaded combination of a

Fig. 1. Microstrip with sinusoidally varying width

~Plf.-P/4-P/4-P/L+
1.0

- (a) alp

(b)

Fig. 2. (a) First-order approximated unit element. (b) Its equivalent circuit.

number of elementary uniform sections of different widths, as

shown in Fig. 2 for the first-order approximation. The analysis

then uses the WAT matrix [10], [11] of each such section &d the

&e junctions to construct the overall WAT matrix of a unit

element of period p. The stepped-width approximation is shown

in Fig. 2(a), while Fig. 2(b) indicates the electrical equivalent

circuit of the approximated unit cell. It is shown that the re-

sulting configuration consists of three uniform lines with their

junctions, of widths WI ahd Wz and impedances ZI and Z2. The

excess charge at tlie junctions presents capacitive susceptance B

[12] -[14]. The change in impedance level at the junctions is

accounted for by considering an ideal transformer with a 1: k

ratio. For small step sizes, the turn ratio k equals tity.

In Fig. 2, the modulated line with periodicity p is divided into

four equal sections of length p/4 and widths WI= WO(l – 0.5 m)

and ~2 = WO(1 + 0.5 M), where m is the modulation index. Using

the parameters of the overall WAT matrix, the propagation

constant y can be obtained [10] as

cosh ( yp ) = COS2d1 COS292

-(l~2K1)(l+ K: - B2Zf)sin20, sin28,

– BZ2(K1sin2d1cos202 +cos2f?1sin2d2) (1)

where KI ( = ZI /Zz ) is the ratio of the characteristic impedances

of the microstriplines with widths WI and Wz and electrical

lengths r?l and 82. Z. ( n = 1&2) is the characteristic impedance of

uniform microstriplines as given by Wheeler [15]. For all practical

microstrip steps considered here, the shunt capacitive contribu-

tion is found to be quite small, and so is neglected. Thus, for the

lossless case, ~p maybe obtained as

PJJ = cos-’ [COSZ81”COS202 -(1/2 Kl)(l+ K~)sin281sin26,] .

(2)

The effect of the inhomogeneous dielectric of rnicrostrip is

accounted for by using the effective dielectric constant c,ff [16].

The composition of Fig. 2 may be further extended to ap-

proximations of second order, third order, and so on, each time

increasing the number of steps by two. The widths of the ap-

proximated uniform lines may be determined from the following
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Fig. 3. Propagation characteristic.

equation:

[

(2n -1)7T

‘“=wo l–wcOs 2(N+1) “COS2(N7+1) 1 (3)

where N is the order of approximation and n is an integer,

1,2, . . . (N + 1). For the second-order approximation

/?p=cos-’ ((-l/8KlK,){(l+ K?)(1+ K~)sin261cos20,

+4 K1(1+ K~)cos201sin202] sin263 + [(1– K:)

(1- Kj)+4K,(l- K1)2cos20,] sin281sin26’, )] (4)

where K1 = Z1 /Z2 and Kz = Zx /Z3. Improved accuracy is

achieved by using computer-aided analysis. All the theoretical

data given in this paper are computed to fourth decimal place

accuracy using N = 8.

The phase characteristic of Fig. 3 shows the presence of

alternate passbands and stopbands. Their occurence is related to

the physical conditions determined by lcos ( flp) 1. The position

and the width of the stopbands can be related to the physical

parameters of the structure using design curves as shown in

Section III.

B. Characteristic Impedance

Characteristic impedance is defined for an infinitely long peri-

odic line, as the impedance offered to the voltage or current

waves at the input terminals of a periodic cell [10]. The normal-

ized impedance is derived in terms of the elements of the overall

WAT matrix as

2A12-All +,4,, ~[(All+,422)2-4]”2
Z.= (5)

2,412 +A,1-A22T [(.411 +’422)2-4]1’2 “

Its variation with frequency is plotted in Fig. 4. It is seen that

there are two stopbands in the range 1 to 12.5 GHz. The

dominant one is centered around 5.3 GHz and the other at 10.6

GHz. The width of the stopband depends very much on the value

of m and it increases with m, which is also evident in Fig. 3. It is

further observed that the characteristic impedance is real and

close to unity in the passband. Its constancy in the range is

satisfactory except in the vicinity of cutoff.

C. Input Impedance of the Terminated Periodic Line

Consider a periodic line with K cells, each having a period p,

and terminated in a normalized load ZL at the Kth terminal

FREQuENCY 1 GHZ1

Fig 4, Characteristic impedance versus frequency,

plane. By knowing the reflection coefficients at the zeroth and

Kth terminals, one can determine the input impedance [17], [10].

The expression is derived as

z = Z~Z~ [1–(Z~/Z~ )(ZL – Z; )e-2JBL/(ZL – Z; )]
m

[Z; -Zj(ZL-ZJ )e-2JBL/(ZL-Z; )]

(6)

where L = Kp is the length of the structure, and Z] and Z= are
Bloch-wave impedances in the + z and – z directions, respec-

tively. Since the structure considered is a symmetrical one, Z~ =
– Z; = Zo. The ambiguity in the sign of Z. may be avoided by

noting that, in the propagation band, it is ilways real and

positive (see (5)), to be consistent with the choice of positive

direction for current. Replacing the Bloch-wave impedances by

Z. of (5), (6) reduces to a simple expression similar to that of a

uniform line. Thus

Z~ + jZotau /3L
Zin = ‘O Z. + jZLt~ /3L “ (7)

The input reflection coefficient has been calculated for a periodic

line consisting of eight sections with p = 1 cm. It is shown in Fig.

8, for Z~ = 50 Q and 40 Q. The results presented in this figure are

discussed in Section V.

HI. REALIZATION OF A BANDSTOP FILTER

The filter-like behavior of the modulated microstrip line is

evident fl om the propagation characteristics of Fig. 3. The struc-

ture can be used as a bandstop filter. Since closed-form relations

have not been found, it is not possible to design the filter in the

conventional way. Therefore, a graphical method has been devel-

oped.

As the modulation parameter m is varied, the average volume

per cell is not changed and the positions of the stopbands remain

unchanged [18]. Fig. 6 gives the design curves, constructed with

the data available from the dispersion curves. f. and A f, respec-

tively, are the center frequency and the width of the stopband.

As an example, consider the design of a bandstop filter with

f.= 5.3 GHz and Af = 1.6 GHz. Choosing W.= 0.25 cm and a

substrate with c,= 10.2 and h = 0.0635 cm, and using curves of

Fig. 6, p is found to be 1 cm for f. = 5.3 GHz. For this p, m is

obtained to be 0.4 corresponding to the given A f =1.6 GHz. We

have constructed a periodic line with p and m thus obtained. For

experimental purposes, we have chosen to use eleven sections.

The measured attenuation characteristic of this line, shown in
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Fig. 7, gives an insertion loss of 33 dB. The insertion loss of the

filter may be increased by having higher values of m. This is also

illustrated in the figure for m = 0.6, where the measured insertion

loss is found to be enhanced by 12 dB. A qualitative discussion

on the filter characteristics follows in Section V.

IV. EXPERIMENTS

The experimental verification of the phase shift per period was

accomplished using a Hewlett-Packard Network Analyzer. A

number of samples with different p and m values were fabricated

on a dielectric substrate with c, =10.2 and h = 0.0635 cm. A

specific case of p = 1 cm and W. = 0.25 cm with three values of m

(0.2, 0.4, and 0.6) is reported here and the phase shift per period

as a function of frequency is shown in Fig. 3. In the measure-

ment, the microstrip modulated periodic line with a number of

sections (periods) is treated as a resonator by short circuiting at

the planes of symmetry such that the images of discontinuities in

the shorting planes do not disturb the continuation of the peri-

odic structure in both directions [19]. Under resonance, the input

reference plane is at a low impedance level when the output plane

is shorted. A tapered section is used at the input end in order to

match the impedance of the line to ‘a 50-0 connector. Initial

calibration was done with an identical taper shorted at the line

end to fix the input reference plane. The resonant frequencies are

noted; the total phase shift at each time is n m, where n is an

integer. The total length of the line should consist of a good

number of periods to get sufficient observation points. If the

length of the periodic line is eleven periods, for instance, the

phase shift per period is n r/n. The value of n is determined by

probing the number of nulls along the resonator. The experimen-

tal points are shown in Fig. 3.

Direct measurement of the characteristic impedance is difficult.

However, it can be indirectly determined from a knowledge of

the input reflection coefficient or, equivalently, the input imped-
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artce. The reflection coefficient was measured using a dual direc-

tional coupler and a swept amplitude analyzer. Matching of the

periodic line was accomplished using a taper. A tapered line of

suitable length was used at the input end of an eight-section

periodic structure fabricated on a substrate with c, = 10.2. A 50-L?

load was connected at the other end using a microstrip connector.

Initiaf calibration was done with an identicaf input tapered line

which was shorted at the end. Fig. 9 shows the measured input

reflection coefficient of the eight-section periodic structure.

The same setup was used for the measurement of insertion loss.

It ascertains, as shown in Fig. 7, the frequency characteristics of

the bandstop filter. These characteristics are discussed in the

following section.

V. RESULTS AND DISCUSSION

In Fig. 3, the experimental points closely follow the theoretical

curves. However, they deviate at the higher frequencies. This may

be attributed to the presence of hybrid modes, and dielectric and

radiation losses. Also, it can be observed that the stopbands grow

wider as m increases. The phase and group velocities (Fig. 5) are

found to be almost constant over a fairly large portion of the

passband.

The return-loss measurement shows a moderate amount of

ripple in the passband. This is expected from the expression for

the input impedance. It may be noted from Fig. 4 that the

characteristic impedance is not very sensitive to frequency in the

passband, and hence broad-band matching may not be difficult

to achieve. The theoretical (Fig. 8) and experimental (Fig. 9)

curves of the input reflection coefficient show fairly good agree-

ment. It is also seen in Fig. 8 that with loads lower than 50 Q, the

ripple in the passband is reduced in the frequency range below

the stopband and vice versa at frequencies above the stopband.

This is also evident in Fig. 4.

The frequency response of the bandstop filter (Fig. 7) shows

that its insertion loss increases with m. A frequency shift away

from the theoretically predicted value of ~0 = 5.3 GHz can also be

observed in Fig. 7. For m = 0.4, the measured shift of center

frequency is 0.4 GHz, whereas it is only 0.05 GHz for in = 0.6. At

a 6-dB insertion loss, the bandwidths are found to be 1.6 GHz

(for m = 0.4) and 2.4 GHz (for m = 0.6). While the first value

agrees exactly with the design data, the second differs by +0.05

GHz from the theoretical value.

VI. CONCLUSION

An analysis of a sinusoidally modulated microstrip periodic

line is given. An experimental investigation has been carried out

on lines with several values of p and m. In all cases, the

experimental results by and large agree with the theory as already

discussed. The matching problem has to be improved. This can

be achieved to some extent by using substrates of low c, with ~0

corresponding to 50 Q. Also, the effect of fabrication tolerance is

reduced in this case.

The bandstop filter is very easy to design. Its characteristics

can be varied by changingp and m. The response has steep skirts.

It may perform better than the conventional type of filters.
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Semiconductor Antenmx A New Device in

Millimeter- and Submillimeter-Wave

Integrated Circuits

F. C. JAIN, MEMBER, IEEE, R. BANSAL, MEMBER, IEEE, AND

c. v VALERIO, JR., MEMBER, IEEE

Abstract — A new approach in realizing millimeter- and
submillimeter-wave antennas using semiconductor materials is described.

The characteristics of these antennas can be controlled during fabrication

and/or during operation by modulating the conductivity of the semiconduc-

tor. Theoretical computations are presented to evaluate the perfomrance of

some typical antenna structures. The physical layout of a monolithic

semiconductor antenna with its associated control elements is also de-

scribed.

1. INTRODUCTION

Recent advances [1] in the monolithic integrated circuit tech-

nology for millimeter-wave systems have provided a new impetus

to the design of compatible circuit components. This paper

describes a new approach [2] in the realization of millimeter- and
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