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ABSTRACT

An effective transmission line coupling network for spatial power

combining and beam scanning purposes is reported. The harmful

effect of radiative coupling is eliminated using a modified version

of this network for peripheral elements. A technique to control

the inter-element phase differences of planar arrays was also de-

veloped. Experiments on 1 x 4 and 2 x 2 oscillator arrays using

the proposed coupling network agrees well with the theory.

INTRODUCTION

In active phased antenna arrays precise adjustment of mag-

nitude and phase of coupling between array elements is nec-

essary. The transmission line coupling has been found fairly

suit able for this purpose [1], [2], since the coupling bet ween

the array elements can be adjusted at even small antenna

separations to overcome undesired radiative interactions. On

the other hand, special care must be taken to maintain the

mode stability [1] and a required amplitude-phase distribu-

tion of strongly coupled oscillator arrays [2] in. the desired

power combining mode. Also the problem of nonuniform

signal injection, especially to the peripheral elements, be-

comes more serious when the radiative coupling between the

array elements is strong. This causes nonuniform amplitude

distribution in the array and consequently side-lobe level of

the radiation pattern increases.

In this paper we propose a transmission line coupling

network whose characteristics has small variation with fre-

quency and with which it is also easy to obtain real coupling

coefficients. A uniform net signal injection is achieved by

using a modified version of this network for the peripheral

oscillators. The technique described in [3] to control the

inter-element phase differences in a linear array is extended

for a general planar array. The effect of progressive phase

shifts on the oscillator amplitudes is also explored. 1 x 4

and 2 x 2 beam scanning arrays were constructed and good

agreement was observed with the theory.

COUPLED OSCILLATOR ARRAY

An active antenna is an antenna associated with an active

device. It can be represented by an equivalent RLC circuit

including a nonlinear impedance for active device. The non-

linear conductance of the active device is approximated by

g(V) = –gl + gs IVIZ. The free-running frequency, q, can be

slightly detuned by varying the capacitance of the active ele-

ment via bias volt age. (Throughout this paper the variables
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belonging to the ith oscillator will be denoted by a subscript

i.) In an array of mutually coupled N oscillators the injec-

tion current due to the couplings between the oscillators can

be expressed as
N

Iinj,j = ~ yjvj (1)
j=l

where Vi = A;e~IWOt+@iJ,U. is the synchronization frequency

and Yij = I~j Ie–~~~~is the N-port Y-matrix element describ-

ing the coupling bet ween the ith and jt h elements.

Consider a linear array of identical oscillators in which

nearest neighbor coupling is dominant. A practical in-phase

operation can be obtained with equal free-running frequen-

cies and ~ij = rT where z and j are the nearest neighbor

elements. To obtain equal oscillator amplitudes I;nj,i should

be the same for any element in the array, which requires

N
(2)

j=l

where c is an arbitrary constant.

COUPLING NETWORK

Consider the transmission line coupling network in Fig. 1

which is adopted from [1]. A chip resistor of conduct ante

YC is assembled on the midpoint of a trimsmission line each

ends of which are connected to the edges of nearest neighbor

antennas where the polarity of instantaneous voltages are

the same.

In Fig. 2 the variation of Y-matrix elements as a function

of L/ Ag is shown. Keeping the difference between ~11 and @12

close to 180° has two advantageous. First; imaginary part

of (2) is kept small even when L is not exactly equal to Ag,

which is commonplace due to the manufacturing difficulties.

Second; total variation of Y-matrix elements with frequency

also decreases, which is necessary for broadband operation

[2]. For L = & Y-matrix elements are purely real and can

be represented as

{

–Yc if j is a nearest neighbor to i.

Kj = kYC if j = i, (3)

O otherwise

whe~e k is the number of the transmission line con;ected

to the ith antenna. It is obvious that (3) satisfies (2) with

C=o.
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Fig.1

Fig.2
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(a) The transmission line with a chip resistor on the mid-

point to be used for the coupling of nearest neighbor os-

cillators. (b) Equivalent representation.
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(b)

Y-matrix elements as functions of length of the transmis-

sion line (YC = Ye). (a) Magnitudes, (b) phases.

beam scanning arrays radiating elements are placed

closely to increase the scanning ability of the array. Our

experiments showed that the mutual radiative coupling be-

tween closely separated oscillators results anti-phase oper-

ation. Let us represent this coupling by an equivalent Y-

matrix coefficient Y~. In a linear array signal injection to

the end elements is from one side while it is from both sides

to inner elements. To satisfy (2) for the end elements as

well, their self Y-matrix elements should be increased by

YE. Provided that Y~ is purely real and positive, this can

be achieved by using an extra transmission line network of

which the open end part is &/4 shorter, with a chip resis-

tance of YR (see Fig. 5).

PHASED ARRAY OPERATION

A beam scanning technique for linear oscillator arrays where

the nearest neighbor coupling is dominant and purely real

was reported in [3]. It can be explained by mutual injection-

Iocking theory [5] shortly as follows: Assume that initially all

oscillators are operating at the same free running frequency

which certainly results an in-phase operation. When free-

running frequency of the first oscillator is increased slightly,

a phase difference is established between the first and the sec-

ond oscillators. While they are locking to a new frequency

that is between their free-running frequencies, another injec-

tion locking takes place between the second and the third

oscillators simultaneously. Since the injection signal to the

third oscillator has a lower frequency than that of the sec-

ond oscillator, third oscillator lags the second less than the

second does the first. This process goes on till the last el-

ement of the array. To obtain a uniform phase shift along

the array free-running frequency of the last element should

also be detuned but in the opposite direction of which first

oscillator was done.

If the oscillators are positioned along a rectangular grid to

form a planar array, the free-running frequency distribution

to establish progressive phase shifts, ~Z and ~u along x- and

y-axes respectively, can be obtained by superposing the free-

running frequencies of each linear array; i.e.,

AUi,j = Wij – Ldo = AIJ~~($i sin $JZ+ A@~V6j sin $JY (4)

where Aumx, Aw~U are the locking bandwidths of the oscil-

lators, and

{

1

6,= –1

o

iiP is dekned as

ifp=l

if p is the last element along the rovv or column

otherwise

The theoretical limit for ~z, #y is +90°. The angular syn-

chronization frequency, U., is obtained as the average of

free-running frequencies of all oscillators in the array. A

free-running frequency distribution for a planar array is il-

lustrated in Fig. 3.

---L,./
Fig.3 The free-running frequency distribution to obtain 45° suc-

cessive phase shifts along both axes of a two-dimensional

oscillator array.

Steady-state amplitude and phase solutions of a 4 x 4

oscillator array are shown in Fig. 4 as functions of free-

running frequency of the first oscillator. Phase shifts along
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both axes are varied together according to (4). Particularly

the effect of the progressive phase shifts on the oscillator

amplitudes is explored. It is clear that as the progressive

phase differences increase, the injection signal to each oscil-

lator given by (1) becomes different. Consequently oscilla-

tor amplitudes deviate gradually from the uniformity. This

non-uniformity causes desynchronization before reaching the

theoretical limit of +90°.

Fig.4

Awn /WO

(b)

Steady-state solution of a 4 x 4 array. Parameters are

GL = 0.0050, gl = 0.036ZJ (seen from the coupling net-

work), Y=. = Y=, = O.OIU, Y: = Y: = 0.0050. (a)

Oscillator amplitudes normalized by lV~PtI at w~lch max-

imum. power is obtained from the active device, (b) phase

shifts between successive elements along both direction.

EXPERIMENTAL RESULTS

A patch antenna with dimensions 12x9.5 mm2 was con-

structed on a 0.508mm thick substrate with e. = 2.33. An

X- band Gunn diode was mounted at a location where the

input admittance of the patch is calculated to be equal to the

negative conduct ante of the diode to give maximum output

power. The oscillator could be detuned by approximately

140 MHz at a centered frequency of 9.lGHz, within +1.5dB

power variation by changing the bias voltage from 8V to 12V.

1 x 2 Array : After a few trials the antenna separation,

at which a two-element array operates anti-phase under the

radiati~-e coupling only, was determined tO be 3. 5mm edge

to edge. When a Ag length transmission line of characteristic

impedance 100$2 with a 1000 chip resistor on its midpoint

933

Fig.5 The 1 x 4 oscillator array. Small gaps were left between

transmission lines and antennas for accurate free-running

measurements.
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Fig.6 Radiation patterns of the 1 x 4 array.

was connected to antennas, oscillation turned out to be in-

phase. The main beam could be steered from -10° to 15°

off broadside where the t heretical limit is + 18° assuming a

simple radiation pattern for the patch antenna. The radia-

tive coupling was almost as half strong as the transmission

line coupling.

1 x 4 Array : This time 4 oscillators were coupled with

the same transmission line network. Keeping all oscillators

synchronized to a single frequency the main beam could be

steered only from 7° to -4°, where the theoretical limit is

27°. This obviously shows that the sum of radiative and

transmission line coupling parameters does not satisfy (2).

When the modified coupling network shown in Fig. 5 for end

oscillators were connect ed with 2000 chip resistors, scanning

range increased to -17° to 10° (Fig. ) Considerable decrease

in the side-lobe power level was also observed.

2 x 2 Array : Next, a 2 x 2 array was constructed

as shown in Fig. 7. Since each oscillator is a peripheral el-

ement, modified coupling network is not necessary for this

array. Several radiation patterns of this array are shown in

Fig. 8. The maximum scanning ranges were 25° in H-plane

(the same as that of 1 x 2), 15° in E-plane and 20° for an

elevation angle of # = 45°.

During the experiments synchronization frequency of the

arrays were + 100MHz within the vicinity of average fre-

quency, In our simulation results we found that if the mu-

tual coupling coefficients are not purely real, scanning range

is shortened in one side depending on the sign of the cow

pling phase angle. This must be the main reason for unequal



Fig.7 The 2 x 2 oscillator array.

scanning range limits towards the left and the right of the

broadside.

CONCLUSION

A transmission line coupling network whose characteristics

have small variation with frequency and with which it is easy

to obtain in-phase operation was proposed. The harmful ef-

fect of radiative coupling on the transmission line network

parameters can be eliminated using a modified version of this

net work for the peripheral oscillators. This was exp erimen-

tally verified by a 1 x 4 array.

A free-running frequency distribution equation to estab-

lish progressive phase shifts along both axes of a planar array

was derived. A 2 x 2 oscillator array was constructed and

its maximum radiation beam was steered by 25° in H-plane

and 15° in E-plane totally. These figures are almost half of

the theoretical limits.

[1]

[2]

[3]

[4]

[5]

REFERENCES

S. Nogi, J. Lin and T. Itoh, “Mode zmalysis and stabilization

of a spatial power combining oscillator array with strongly

coupled oscillators,” IEEE Trans. Mcrowave Theory Tech.,

VO1. MTT-41, pp 1827-1837, Oct. 1993,

R. A. York, l’. liao, J. J. Lynch, ‘(Oscillator Array dynam-

ics wit h broadband N-port coupling network s,” IEEE Trans.

Mzcrowave Theory Tech., vol. MTT-42, pp 2040-2045, Nov.

1994.

R. A. York. “Nonlinear analysis of phase relationships in

quasi-optical oscillator array,” IEEE Trans. Microwave The-

ory Tech., vol. MTT-41, pp. 1799-1809, Oct. 1993.

S. Sancheti and V. F. Fusco, “Modeling of active antenna ar-

ray coupling effects – A load variation method,” IEEE Thans.

Microwave Theory Tech,, vol. MTT-43, pp. 1805-1807, Aug.

1995.

K. Kurokawa, “Injection Locking of Microwave Solid-State

Oscillators,” Proc. of the IEEE., vol. 61, NO 10, pp. 1386-

1410, Oct. 1973.

Angle, degrees

(a)

1 I 1 1 i I
o –

I

~ Afz = O

.
z _cj .
&

~

?.- –1 o -
F.

%
73

\

a

–15- 1
–6 O 0 60

Angle, degrees

(b)

Fig.8

Angle, degrees
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Radiation patterns of 2 x 2 oscillator array. AfX and

Afy are in in MHz. (a) H-plane, (b) E-plane, (c) An

elevation angle of ~ = 45° plane. Solid lines are the

radiation patterns in which free-running frequencies

of all oscillators are the same.
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