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Planar Broad-Band 180° Hybrid Power
Divider /Combiner Circuit
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Abstract—A planar broad-band 180° hybrid is presented. The hybrid is
realized using a 3-dB 90° hybrid and a 0-dB 90° tandem hybrid. An
interdigitated version of the hybrid fabricated on alumina substrate per-
formed well over the 4-8-GHz band. The hybrid has an inseftion loss of
0.5 dB, phase imbalance of +7°, and an isolation of better than 18 dB over
the band.
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Fig. 1. Schematic of a 180° hybrid.

I. INTRODUCTION

In the past, 180° hybrids have been extensively used in bal-
anced mixers, switching networks, phase shifters, and push—pull
amplifiers. The recent interest in monolithic GaAs integrated
circuits has opened the need for a 180° planar hybrid compatible
to monolithic integration on GaAs substrates.

Conventional hybrid rings have been used as 180° hybrids. The
hybrid ring has a narrow bandwidth. Reflection-type 180° hy-
brids have been reported in literature [1]. The problem with this -
kind of hybrid is the practical difficulty of realizing a good short
or open circuit over wide band of frequencies. The commercially
available 180° hybrids use a tandem connection of two couplers
using broadside coupling [2], [3]. This is a multilayer structure
and can be realized using striplines only. Recently, a 3-dB 180°
hybrid has been reported [4] which uses a slot line~microstrip
coupling. The abovementioned structures for 180° hybrids are
not planar, and not easily compatible to monolithic circuit fabri-
cation

This paper presents an analysis and experimental results of a
broad-band 180° planar hybrid. This hybrid is a four-port device
with two input ports and two output ports. One of the input
ports is designated as the sum port and the other as the difference
port. A signal fed into the sum port or the difference port is
divided into two signals of equal amplitude with a phase dif-
ference of 0° or 180°, respectively. This hybrid has been realized
using a 3-dB interdigitated, 3-dB 90° hybrid, and a 0-dB 90°
interdigitated tandem hybrid. The latter hybrid introduces an
additional 90° phase shift which is independent of frequency.
The analysis of the circuit is presented in Section II. The hybrid
has been designed and fabricated on alumina substrate for C-band
operation. The experimental results are presented in Section IIL

II. ANALYSIS OF THE HYBRID

The schematic of the hybrid is shown in Fig, 1. It is a four-port
device. Ports 1 and 2 are the input ports and ports 3 and 4 are the
output ports. When the signal is fed to port 1, the signals
appearing at port 3 and port 4 are both 3 dB below the input
signal and have a phase difference of 180°. When a signal is fed
at port 2, the signals appearing at ports 3 and 4 are both 3 dB
below the input signal and are in phase. These two cases are
considered separately and the analysis is presented for both cases.

Case 1: Input at Difference Port

Let 8 be the coupling angle and / be the coupling length. The
hybrid is illustrated in Fig. 1. Port 4 has an extra length of
transmission line of length 28/. It will be shown later that the
phase difference of the two output signals appearing at ports 3
and 4 is independent of frequency. Assume that a unit amplitude
signal is fed at port 1 (port 2 is theoretically isolated), then the
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Fig. 2. Photograph of the hybrid.

signals appearing at port 3, 4, and I can be obtained as

Signal at port 3, ¥;=— sin § sin> § e ~ /¥ €))
)
€)

For §==/4 at band center, for a 3-dB hybrid, (1)-(3) become

Signal at port 4,V,=cos § ¢ /3!

Signal at port I, ¥,=j sin 8 cos 26 ¢~ /3F/.

V;=—0.707 ¢~ /¥ 4)
V,=0.707 ¢ ~/3#! (%)
Vi=0. (6)

Thus the signals appearing at ports 3 and 4 have a phase
difference of 180° and are equal in magnitude which is v2 below
the input signal (3 dB below in power). Port I is an isolated port
since the signal appearing at port I is zero.

Case 2: Input at Sum Port

In this case, the signal is fed at port 2 (Fig. 1) and port 1 is
theoretically isolated. The signals appearing at ports 3, 4, and [
can be obtained as

Signal at port 3,V;=/ cosf sin 28 ¢ ~ /3! (7
Signal at port 4, ¥,= sin § e~/ &)
Signal at port I, V,=cos 8 cos 2 # ¢ 7341, €)
For §=m/4 at band center, for a 3-dB hybrid, (7)—(9) become
V=7 0.707 ¢ /¥ (10)
V,=j0.707 ¢ ~ /3 ()
V,=0. (12)

Thus signals appearing at ports 3 and 4 are in phase having equal
amplitude each 3 dB below the input power. Port [ is an isolated
port and is match terminated.

In both cases, the phase difference between two output ports is
independent of frequency. However, the amplitude is frequency
dependent, since the coupling angle @ is frequency dependent.
The bandwidth of the hybrid will be slightly less than the
bandwidth of each 90° hybrid used. A 90° interdigitated hybrid
has over an octave bandwidth.

Coupling (dB)
Isolation (dB)

Frequency (GHz)

Fig. 3. Variation of coupling and isolation between.different ports with
frequency of the hybrid.
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Fig. 4. Variation of differential phase with frequency for two cases of 180°
and 0° hybrids.

ITI. EXPERIMENTAL RESULTS

The hybrid shown in Fig. 1 consists of three 3-dB 90° hybrids.
The design of an interdigitated, 90° hybrid is done using the
well-documented theory [6], [7]. We have fabricated this hybrid
on a 25-mil-thick alumina substrate. The photograph of the
hybrid is shown in Fig. 2. Fig. 3 shows the coupling between
different ports of the hybrid. The isolation between two output
ports is better than 18 dB. The powers of the two output ports
differ by less than 1.5 dB and the insertion loss of the hybrid is
less than 0.5 dB over the 4-8-GHz band. The variation of the
phase with frequency is presented in Fig. 4, for both cases, when
the signal is fed at the different ports or sum port, resulting in
two output signals which are 180° out of phase or in phase,
respectively. The maximum VSWR at the different ports is 1.4
over the band.
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IV. ConcLusIONS

We have presented an analysis and experimental results of a
180° hybrid. This hybrid has been realized on alumina substrate.
It has a bandwidth of 3 GHz over the 4-8-GHz band with a loss
of 0.5 dB, an isolation of >18 dB, and a phase unbalance of
=7°. The hybrid reported here is compatible to monolithic
integration on GaAs substrates.
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An Empirical Relationship for Electromagnetic
Energy Absorption in Man for Near-Field Exposure
Conditions

L CHATTERJEE, M. J. HAGMANN, AND O. P, GANDHI

Abstract—An empircal relationship is presented for the whole-body-
average electromagnetic energy absorption in a 180-cell block model of
man for near-field exposure conditions. Consideration is restricted to near
fields with P polarization (no component of E directed arm-to-arm) in
which the magnitude of the incident electric field is maximam immediately
in front of the abdominal region. A highlight of this work is the consider-
ably reduced whole-body average energy absorption for near-field partial-
body exposures as compared to that obtained under plane-wave irradiation
conditions.

I. INTRODUCTION

The plane-wave spectrum approach [1] has previously been
used [2] to calculate the mass-normalized electromagnetic energy
absorption (specific absorption rate or SAR) and its distribution
for prescribed near-field exposure conditions. This method is
particularly suited for leakage-type near fields such as those from
RF heat sealers and other electronic equipment where the cou-
pling back to the source may be neglected. For the numerical
calculations, a 180-cell block model of the 50th percentile man [3}
has been used.

The procedure developed previously can be used for any inci-
dent fields with tangential components prescribed over a plane.
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We have restricted most of our calculations to fields prescribed
over a vertical plane just in front of the feet of the block model.
Since the fields emanating from many localized sources are likely
to roll off monotonically to negligible values in the two dimen-
sions of the plane, the calculations have been performed for
prescribed electric fields having a half-cycle cosine variation
along both the vertical and horizontal axes. For several test cases,
it has been shown that such approximated fields give whole-body
SAR’s that are within 5-10 percent of the values that would have
been obtained from exactly prescribed fields, [2]. For each set of
prescribed fields, the remaining field components (body-normal
E component and H) may be obtained from Maxwell’s equa-
tions.

The phase variation of the prescribed fields is important for
exact calculations of SAR. It has, however, been shown [2] that
the worst case (maximum whole-body SAR) is always obtained
for constant phase in the prescribed fields. We have assumed no
phase variation in the prescribed fields in order to avoid the need
for phase measurements and thereby have obtained an upper
bound for values of whole-body SAR. Since the whole-body SAR
would also be a function of the height of the maximum of the
prescribed E-field relative to the block model, various placements
have been considered. Except at frequencies corresponding to
strong part-body resonances, the condition for maximum whole-
body SAR corresponds to the case where the peak of the pre-
scribed field is located in front of the abdominal region. Conse-
quently the empirical equation is applied for this placement for
different values of physical extent of the assumed vertical electric
fields, the accompanying E and H components being given by
Maxwell’s equations. We have considered only P polarization (no
component of E directed arm-to-arm) for the prescribed fields
since it produces greater absorption than N polarization (E
arm-to-arm) at frequencies below 300 MHz [4]. Also, for cur-
rently encountered RF sealers identified as sources of significant
leakage fields [5],{6], the vertical component of E (E,) is much
larger than the horizontal component ( E,). It is recognized that
the SAR due to E, may be comparable to that due to E, for
frequencies above 300 MHz. For these frequencies, the contribu-
tion of E; to the SAR should also be included in the calculations
for near-field electromagnetic energy absorption. Nevertheless,
there are a number of applications where the vertical component
E, may indeed be much larger than the arm-to-arm directed field
E,. The empirical equation is useful for such cases even at
frequencies above 300 MHz.

II. EFFECT OF PLACEMENT OF THE BODY RELATIVE TO
FIELDS

As previously mentioned, whole-body SAR is a function of the
height of the maximum of the prescribed E fields relative to the
block model. Calculations of SAR were made for assumed half-
cycle cosine variations with A, =0.2 A and A, =0.5 A, where A
and A, are, respectively, the vertical and horizontal widths of the
best fit half-cycle cosine functions to the prescribed leakage
fields, and A is the free-space wavelength. These results are given
in Table I for various relative placements of the fields and the
body for four different frequencies. The frequencies in Table I
were selected to correspond to those used for RF heat sealers and
to resonant frequencies for the whole body, the arm, and the head
[7], [8]. The physical extents A, and A, of the fields were taken to
be similar to those commonly encountered for RF sealers. From
Table I one can see that the condition for maximum whole-body
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