phase difference between the excitations without coupling and
with coupling.
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Fig. 4 Change in excitation due to mutual coupling

Conclusions: The mutual coupling computed with a hybrid UTD-
MoM model was used in a simulation for a circular array of 18
rectangular aperture elements. The coupling data had previously
been verified against measurements. Our analysis shows that the
mutual coupling has a strong effect on the radiation pattern, espe-
cially for a shaped beam. It is necessary to include a model for the
mutual coupling in the synthesis procedure; a simple method for
achieving this has been described.
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Design of rectangular directional coupler
using simple numerical algorithm

J.H. Yun, JJW. Lee and J.S. Chae

A simple numerical algorithm for the design of a rectangular
directional coupler (RDC) with arbitrary couplings is proposed.
The performance of a designed RDC is also described. It is seen
that the measured data agree well with the results predicted by
using the proposed algorithm.

Introduction: In this Letter we describe a simple numerical algo-
rithm for designing rectangular directional couplers (RDCs) which
is useful for EMC testing over a broadband frequency range, with
high input/output power. The RDC presented in this Letter was
developed based on the concept of an expanded coupled transmis-
sion line (CTL) cell which the authors have recently proposed [1].
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It consists of a rectangular outer conductor tapered at both ends
and two inner conductors located inside the coupler as shown in
Fig. 1. Each inner conductor is connected to the 50Q coaxial
cable. The odd mode characteristic impedance Z,, of the CTL cell
must be maintained at 50Q [1]. However, the characteristic imped-
ance Z, (= \[Z,,Z,), where Z, is the even mode characteristic
impedance) of the RDC must be maintained at 50Q. Moreover,
we have to design the RDC for the given Z,, and Z,, (or coupling
C and Z,). When the values of d, A, and b in Fig. lc are given, a
numerical algorithm for determining the a and w which satisfy the
arbitrary couplings is presented in this Letter. As a field enclosure,
the RDC works in TEM mode from DC to the cutoff frequency at
which the first higher mode appears.

port 1 P port 1
w a
a
port 1 port 2 Cy
inner conductor C,| C
d
] T N
inner conductor Co
port3 outer conductor Cs [port 4
b c

289/1)
Fig. 1 Structure of rectangular directional coupler

a Plane view of RDC
b Front view of RDC
¢ Cross-section of RDC

Extended NRM mixed with MM. A combination of the NRM
(Newton Raphson method) with the MM (moment method) [1, 2]
is useful for the design of impedance matching structures for coax-
ial transmission lines. We can easily calculate an unknown varia-
ble under one condition by using this combination of the NRM
with MM {1, 2]. In this Letter, we introduce an extension of the
NRM combined with MM to determine two unknown variables
under two conditions.

The procedure of the algorithm for the design of the RDC is as
follows:
(i) The charge distribution on the contour of the RDC is calcu-
lated by the MM from the quasi-static charge integral equation
(QSCIE) [3].
(i) Z,, and Z,, are evaluated from the results of charge distribu-
tion.
(iii) Two variables (¢ and w in Fig. 1) for the structure satisfied by
constants Z,, and Z,, are found using the NRM for systems [4].
This algorithm is simply described as:

Wn = Wn—1—

(Zoo(p) = Zoa) o (Zoe (0)) ~(Zoe (p) — Zo.) 2 (Zou (0)
2 Zoul ) 2 Zoe(p) — 2 (Z00(0)) 7 (Z0c(P)) | sommr_,

o

An = Gn—1—

(Zoe ()~ Zo.) 2 (Z00())—(Z00 (9)— Zoo) 7 (Zue (9))
(200 () e (Z0c(0) — = (Z00(P)) 7 Z0c(P)) | wmron_,

a=dan_1

(2)
_ W _ _

Zoo(p) = =T for Vi = V [V] and V3 = —V [V]

(3)
Zoolp) = o ?O‘Qdd for Vi =V [V] and Vo = V [V]
‘ )
N

p= Z a;Bi(c') )

[} = [g5][Zs5]7" (6)
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i = <VVJ-(C),

1 , 1 '
g o B “”{ N/ CEr R T } a >
(7)
g5 = (W;(c), V(e)) (8)

where ¢’ is a source point and ¢ is an observation point on the
contour (C,, G, and C; in Fig. 1¢). B(c"), Wi(c) and p are the
basis function, weight function, and charge on contours, respec-
tively. ¥, and V, are input voltages on C; and C,.

Experimental results of designed RDC: The 50Q RDC with maxi-
mum coupling 30dB (Z,, = 48.443Q and Z,, = 51.607Q [5]) and
centre frequency 1000MHz has been designed using the extended
NRM combined with the MM. The basis and weight functions of
the MM are pulse and delta functions, respectively. We could
design an RDC structure with 30dB when the iterative number
was 4, as shown in Table 1. The total number of elements is 140.
The calculated w and a are 2.956 and 4.898cm when b, # and d are
7.5, 4.5 and 0.5cm, respectively. Here, L is 7.5¢cm due to the centre
frequency of 1000MHz and T is 2.0cm.

Table 1: Numerical results for designing structure of 30dB RDC

Tterative Calculated results Characten'stic Characten'stic
number |Width of outer |Width of inner O’fmofifidf;’gge ofszfﬁffie
n conductor (a) | conductor (w) (Zow) (Zoo)

cm cm Q Q
1 4.200 2.5000 51.2522 53.3684
2 4.9086 2.9662 48.3582 51.5335
3 4.8982 2.9565 48.4432 51.6070
4 4.8983 2.9565 48.4431 51.6069

Fig. 2 Photograph of designed RDC, with opened outer conductor

P1: Reflection SwR 0.1/ Ref 1.00 1

b2; ot¢
Chi:jicr1 4114.483 MHzZ]
1.0

1.1 -
,__1\_/’—‘L~

Start 0.300 MHz

\ L n

Stop 2 000.000 MMz

Abs
Cchi
zeep
Fig. 3 Input VSWR at port 1 of designed RDC

Fig. 2 shows a photograph of the designed RDC, the outer con-
ductor of which is opened. The input VSWR at port 1 of the

628 ELECTRONICS LETTERS

designed RDC against frequency is shown in Fig. 3. The VSWR at
port 2 has been omitted because it gives almost the same result.
The VSWR at each input port is less than 1.06 for frequencies up
to 2GHz. Using Galerkin method programmes [6], we can easily
determine that the first cutoff frequency (TE,, mode) is 1.834GHz
and the second cutoff frequency (TE,, mode) is 2.0GHz (calcu-
lated result of TE,, by the waveguide formula [7]: 2.0GHz). In the
detailed design, the frequency range is restricted up to the first
cutoff frequency because of the QSCIE in the numerical algo-
rithm.

Fig. 4 depicts the measured coupling and isolation. The flatness
of the designed RDC between 500MHz and 1.2GHz is within
+1dB. We can see that the designed RDC has very good imped-
ance matching and broadband characteristics.

10 1 i (I) L i 1 I 1
0 o0
-104 (i) E
-20 -
i
-304 w E
-40 3
503 ) E

measured power,dBm

T T T 7T T U T 3
200 400 600 800 1000 1200 1400 1600
frequency,MHz
Fig. 4 Measured coupling and isolation of designed RDC
(i) input power
(i1) output power
(ii1) coupled power
(iv) isolated power

Conclusion: A rectangular directional coupler (RDC) has been
designed by using an extension of the NRM combined with the
MM. The designed RDC has good performance with the VSWR
< 1.06 below the cutoff frequency at which a higher order mode
begins to propagate. The predicted coupling and impedance of the
RDC agree well with the experimental results. We can see that the
numerical algorithm is very useful for designing RDCs with arbi-
trary coupling.
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