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A Ka-Band Indium–Antimonide Junction Circulator
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Abstract—Following a brief overview of the underlying theory,
experimental results are presented for the first time showing circu-
lator action in a semiconductor junction structure. An axially mag-
netized indium–antimonide disc fixed in a three-port finline struc-
ture and cooled to the temperature of boiling nitrogen, 77 K gives
circulation across -band. For a dc magnetic bias of 0.73 T, a
15-dB isolation is recorded from 28 to 40 GHz, or a fractional band-
width of at least 35%. Typical insertion loss is less than 1.5 dB from
the WG22 reference plane at the test fixture ports. Continued op-
eration above 40 GHz is predicted, but has not yet been measured.
Measurement suggests that circulation is evident even where the
effective propagation constant is imaginary, although better theo-
retical agreement is achieved when this is a real quantity. This new
device makes millimeter-wave broad-band circulation a possibility
and confirms the current model based upon the Drude–Zener ap-
proximation. A theoretical example is then given for a design op-
erating to 140 GHz, yielding a fractional bandwidth of 110%.

Index Terms—Finline, InSb, millimeter wave, semiconductor
junction circulator.

I. INTRODUCTION

J UNCTION circulators employing ferrites have been widely
studied and are well understood [1]–[4]. Ferrite designs
provide good isolation, low insertion loss, and broad-band

solutions at microwave frequencies. However, since the max-
imum saturation magnetization available is about 5500
G [5], increasing the frequency into the millimeter-wave region
begets progressively narrow-band performance for ferrite junc-
tion circulators unless very high static bias fields are applied [6].
To date, the most broad-band ferrite junction circulator reported
has a 10-dB isolation bandwidth of 117% between 5–19 GHz
[3], [4]. This performance was achieved by extending the useful
frequency into the region where the effective permeability
is negative, and by using a unique device configuration that as-
sures a nearly uniform internal magnetic field. There are also
millimeter-wave junction circulators that exploit the high in-
ternal anisotropy magnetic field of hexagonal ferrites [6], [7].
Although such devices have the advantage of not needing ex-
ternal magnets, their bandwidth is narrow. For example, the cir-
culator reported in [6] has a 20-dB isolation bandwidth of 5%,
centered at about 31 GHz.

The semiconductor junction circulator was first proposed by
Davis and Sloan [8], [9]. The structure of their device is the
electromagnetic dual of the ferrite circulator studied by Bosma
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[1]. Employing the Drude–Zener model of semiconductor and
adopting the Green’s function approach, a few narrow-band
designs at millimeter-wave frequencies were produced. The
magnetized semiconductor does not exhibit the demagnetiza-
tion phenomenon experienced with the ferrite. In [9], a term
representing the electron collision frequencywas introduced
into the analysis to model the losses due to electron collisions
in the semiconductor. The simulated results suggested that the
electron collision frequency must be small in order for the
device to have low-insertion loss. Examination of these losses
facilitates the choice of semiconductor for circulating action.

In later papers [10], [11], Sloanet al.illustrated that the semi-
conductor junction circulator exhibits the frequency-tracking
behavior analogous to that of the ferrite circulator demon-
strated by Wu and Rosenbaum [2]. By utilizing this property,
millimeter-wave semiconductor junction circulators with
theoretical bandwidths greater than an octave were shown to be
theoretically possible. In [11], the perfect circulation conditions
for the region where the effective permittivity is negative
were presented, and it was illustrated that frequency tracking
of a semiconductor junction circulator is also feasible in such a
region.

In this paper, the relevant material parameters are discussed,
the theory of the semiconductor junction structure is reviewed,
and intriguing experimental results demonstrating such a device
and confirming the validity of the Drude–Zener model are pre-
sented for the first time. A theoretical design is then presented
showing circulation to 140 GHz.

II. PERMITTIVITY TENSOR OF THEMAGNETIZED

SEMICONDUCTOR

The gyromagnetic behavior of a magnetized ferrite arises
from the precessional motion of the spinning electrons.
However, for a magnetized semiconductor, it is the cyclotron
motion of the mobile electrons that gives rise to its gyroelectric
behavior. Using the Drude–Zener model [12], [13], the tensor
permittivity can be written in the form

(1)

where

(2)

(3)

(4)

The symbols , , and denote the permittivity of free space,
tensor permittivity, and static relative permittivity of the semi-
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conductor, respectively. The symbol denotes the plasma fre-
quency of the semiconductor [14] and is the cyclotron fre-
quency defined, respectively, by

(5)

(6)

where is the electron effective mass,is the electron charge,
is the electron concentration, and is the applied static

magnetic field. Similar expressions were reported by Bolle
and Talisa [15]. It is worth emphasizing that this Drude–Zener
model is constrained by the two conditions that the cyclotron
frequency must be greater than the collision frequency, i.e.,

, and the effect of the holes must be negligible
compared to that of the electrons. However, the inclusion of
hole scattering into (4) to (6) is a relatively simple procedure
provided the hole cyclotron frequency is greater than the hole
scattering, i.e., .

Indium antimonide (InSb) was chosen as the semiconductor
due to the exceptionally high electron mobility [16]. The elec-
tron collsion frequency was calculated using (7) to be 1.69
10 s , where the effective electron mass is taken to be 0.013
of the rest electron mass quoted as follows for InSb:

(7)

where is the electron mobility of the semiconductor and was
taken to be 80 mV s for a pure InSb sample at 77 K [17].
Although there are several other potential candidates, such as
GaAs, InSb was deemed the most suitable since its low effec-
tive electron mass allows for a manageable dc static applied
magnetic field to achieve a high enough value of cyclotron
frequency to fulfil the criterion. Furthermore, upon
cooling to 77 K, the carrier density and, hence, plasma fre-
quency, is shifted to an accessible part of the microwave region.
InSb also possesses large and small ratios indi-
cating that the effect due to the movement of the holes should
be minimal. It is noteworthy that Suzuki [18], Suzuki and Hi-
rota [19], May and McLeod [20], [21], White [22], and Dinger
et al. [23] also chose the same material for their plasma semi-
conductor devices.

An experiment based upon the Van Der Pauw measuring tech-
nique [24], [25] was carried out to determine howand of
the InSb sample vary with temperature. The results of the ex-
periment, repeated three times, are presented in Figs. 1 and 2,
respectively. The straight lines in the figures were produced by
the “least-squares” best-fit method [26]. At 77 K, and of
the sample are found to be 54 mV s and 1.7 10 m ,
respectively. These correspond to s and

rad .

III. REVIEW OF SEMICONDUCTORJUNCTION CIRCULATOR

THEORY

A schematic diagram of a semiconductor junction structure is
shown in Fig. 3, and it is the electromagnetic dual of the (ideal)
ferrite junction structure. Basically it is a symmetrical Y-junc-
tion of slot transmission lines with a semiconductor disc of ra-
dius inserted in the center of the junction. The peripheral areas

Fig. 1. Measured mobility of InSb sample versus temperature.

Fig. 2. Measured electron concentration in the InSb sample versus
temperature.

Fig. 3. Schematic diagram of the semiconductor junction circulator.
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Fig. 4. Effective propagation constant versus frequency.

of the disc connected to the transmission lines are referred to as
ports. Each of the ports subtends an angle ofwith the center
of the disc, where is referred to as the coupling half-angle
of the device. Other than the port areas, the sidewall is coated
with metal to provide an electric wall boundary condition. The
top and bottom walls of the disc are left uncovered, giving an
air–semiconductor interface. The disc is axially magnetized by
a uniform and steady magnetic field of flux density, giving
rise to an effective permittivity [9], [11], which is defined by
(8). A surrounding dielectric ring of relative permittivity is
also shown in Fig. 3 to permit a more general situation in which
the medium external to the ports can be other than air. The ef-
fective propagation constant and the effective permittivity are
given, respectively, by

(8)

and

(9)

It is assumed that the disc is thin enough to preclude any field
variation in the -direction and that only the TE modes (that give
rise to nonreciprocity) are of interest.

Ignoring losses due to electron collisions , the effec-
tive permittivity is real and can either be positive or negative [9],
[11]. As a result , calculated using (9), will either be purely
real or imaginary, as illustrated in Fig. 4. The concepts of,

, and , shown in this figure, were discussed in [9], where
and are the frequencies when the magnitude of the gy-

rotropic ratio is unity and is the extraordinary wave
resonance frequency. Note that at frequencies below, and at
those between and , is imaginary.

A two-dimensional (2-D) Green’s function was used bearing
strong similarities with that of Bosma’s ferrite analysis [1]. Ap-
plying the simplified boundary condition in which the electric
field in the -direction is constant over each port and zero else-
where at the periphery, the reflection and insertion losses and the
isolation of the device were derived. The derivations and expres-
sions of these coefficients were given in [8] and [9] for the case
where is a real number and in [11] for the case where

Fig. 5. Schematic diagram of the WG22 finline components.

is imaginary. The solution for the former case involves Bessel
functions, while the latter involves modified Bessel functions. A
more general solution including the losses due to electron colli-
sions has also been derived using the expressions in (2) and (3)
[9]. In this instance will be complex and, thus, in general, the
argument of the Bessel functions will be complex. This is
useful for evaluating the insertion loss due to electron collisions
alone.

The perfect circulation conditions (ignoring electron colli-
sions) were derived and have been presented [11]. These are the
conditions for a transmitted signal at one port to be zero. In the
region where , is real, and where ,

is imaginary. In [11], it was also shown that by judicious
choice of the disc dimensions, coupling half-angle and the di-
electric constant of the surrounding medium, the device curves
of the semiconductor junction circulator can be adjusted to track
the perfect circulation conditions over a wide range of.

IV. EXPERIMENTAL RESULTS FOR A30–40-GHZ DESIGN

In order to validate the theory, a design was developed to op-
erate within the 30–40-GHz frequency range in WG22 with a
finline insert and without a dielectric matching section between
the air and semiconductor. A frequency range lower than that
of the previous theoretical design was selected to obtain larger
physical dimensions, thus enabling easier fabrication and exper-
imental convenience, but at the expense of a larger applied field.
With this design rad, mm, and T.
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Fig. 6. Measured performance of the InSb-junction circulator at 77 K.

The schematic diagram of the circulator implemented in finline
transmission line is shown in Fig. 5 using a finline circular-arc
taper design in WG22 discussed by Beyer and Wolff [27].

An HP8510 network analyzer with thru-reflection line (TRL)
calibration implemented at the end of the WG22 waveguide
ports was used to measure the-parameter responses of the cir-
culator, and the results are presented in Fig. 6 for T.
From this figure, the isolation is at least 10 dB in the 22–40-GHz
range, but goes to nearly 25 dB at 36.5–40-GHz frequencies for

T. The minimum insertion loss is about 1 dB in
the 34–38-GHz range for T. It is expected that
further reduction in the insertion loss is possible if appropriate
matching networks are incorporated at the ports to minimize the
reflection. The results also suggest that circulation continues be-
yond the current measurement window. It is also worth noticing
that circulation is reversed, just like the case of the ferrite cir-
culator, when the magnetic field is applied in the opposite di-
rection. Discrepancies in the measured-parameters between
the two dc magnetic bias directions can be attributed to unin-
tentional asymmetries caused in construction. The ripple asso-
ciated with the measured response could be further reduced by
using a TRL calibration in the finline, thus moving the mea-
surement reference plane up to the ports of the semiconductor
junction circulator.

The comparisons between the experimental results of the
InSb-junction circulator at 77 K and their theoretical responses
are presented in Fig. 7. It can be seen that, for the reflection
coefficient, the measurement and theoretical values are in

Fig. 7. Comparison of theoretical and measured results for the InSb-junction
circulator at 77 K.

reasonable agreement. For the transmission coefficient, the
measured response is quite close to predicted values for the
34–40-GHz frequency range, but deteriorates with decreasing
frequency. For the isolation response, the measurement is
similar in shape to that predicted, but with closest agreement
and best performance in isolation for the frequency region
from around 34–40 GHz. The results also suggest that the
circulator has less isolation capability in practice, particularly
at frequencies below 37 GHz. It is also worth pointing out
that 37 GHz corresponds to the frequency below which

is imaginary in this case. For more accurate performance
predictions, a three-dimensional model will be necessary. The
current 2-D model assumes the electromagnetic fields are
confined solely to the InSb disc. In practice, the boundary step
between the air and semiconductor where the wave penetration
into the semiconductor is evanescent due to the imaginary
will have an effect.

V. BROAD-BAND THEORETICAL MILLIMETER-WAVE

CIRCULATOR

Given that the theory developed has now been confirmed ex-
perimentally, a millimeter-wave InSb-junction circulator oper-
ating at 77 K has been designed having T,

rad, mm, and . Cooling is necessary
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Fig. 8. Predicted broad-bandS-parameter response for the InSb-junction
circulator at 77 K.

in order to maximize electron mobility and to provide the de-
sired carrier density. Note that the magnitude of the magnetic
dc bias is comparable to that of ferrite junction circulators. As
illustrated in the theoretical responses of Fig. 8, the InSb cir-
culator has a 20-dB-isolation relative bandwidth of 111%, and
an insertion loss due to electron collisions that varies from 0.7
to 1.1 dB in the frequency range of 40–140 GHz. (Conductor
losses due to the metal applied at the disc edge have not been
included in the calculation.) This bandwidth far exceeds that of
simulated ferrite circulators in the same frequency range. This
design was formulated using the measured results from the Van
Der Pauw technique for the InSb sample m ,

s at 77 K, and , where
is the free electron mass and [16].

VI. CONCLUSION

Operation of the semiconductor junction circulator has been
demonstrated for the first time. An InSb disc of radius 1 mm,
cooled to boiling nitrogen temperature, placed in a finline
three-port structure and with an applied axial dc magnetic
bias of 0.73 T yielded 15-dB isolation between 28–40 GHz.
Insertion loss was better than 1.5 dB over the measured
32–40-GHz frequency range from the reference plane at entry
to the three-port jig. It is likely that the usable frequency
range extends beyond 40 GHz—this being the upper frequency
limit of the measurement system. This is an impressive result
confirming approximate theory based upon the Drude–Zener
model incorporated in the 2-D Green’s function. Circulating
action has also been measured in the frequency range where
the axial propagation coefficient is imaginary, i.e., below
37 GHz, although measurement and theory correlate less well
for this region. Extending the model to three dimensions should
improve the accuracy and, hence, circulator design, particu-
larly for frequencies below . Perhaps the most tantalizing
feature of these results is the uncertainty in the performance
of this new device above 40 GHz. A review of the relevant
material properties of a semiconductor for use as a circulator

is presented, as well as a theoretical design, illustrating the
potentially enormous bandwidth of operation.
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