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New Analysis of Semiconductor Isolators ;
The Modified Spectral Domain Analysis

S. TEDJINI anp E. PIC

Abstract —This paper addresses semiconductor isolators of . the field
displacement effect type. The semiconductor is modelized by its surface
impedance tensor. This description allows an extension of the well-known
spectral domain method to the analysis of the semiconductor isolators.
' Different configurations are studied and numerical results are given. The
finline isolator with InSb is shown to be the best choice—indeed, insertion
loss is less than 3 dB/em and isolation is greater than 18 dB/cm.
Experimental results supporting these calculations will be published in a
following paper.

I. INTRODUCTION

In view of the increasing use of the millimeter-wave band, one
of the urgent problems of today is the development of nonre-
ciprocal devices. The purpose of this paper is to describe some
millimeter-wave semiconductor isolators using the field displace-
ment effect.

The field displacement effect in gyroelectric structures at room
temperature was demonstrated by Hirota and Suzuki [1]-[3]
during 1969-1971 and is now well known.

The basic structure is a rectangular waveguide loaded in its
E-plane by a thin slab of high-mobility semiconductor (such as
InSb) which is transversally magnetized. The field displacement
effect result from the superposition of TE,,, modes excited by
the displacement current and the TM,, , modes excited by the
conduction current on the semiconductor. The resulting electro-
magnetic field shows an asymetric distribution along the y-axis
(see Fig. 1) which reverses with the direction of the wave propa-
gation (or with the direction of the magnetostatic field).

This basic is a reciprocal one. In order to obtain some nonre-
ciprocity, it is necessary to introduce a geometrical dissymmetry.
Two nonreciprocal structures will be specially considered: the
air-gap semiconductor loaded waveguide isolator, and the finline
isolator.
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Fig. 1. Basic structure. In the E-plane of the waveguide we have a semicon-

ductor slab submitted to magnetostatic field By. The semiconductor thick-
ness is § < a.

A unified method will be presented to study the above struc-
tures. It is an extension of the well-known spectral domain
technique (SDT) which takes into account the losses of the.
structure. It is then possible to compute the attenuation constant,
and to derive the main parameters of the isolator: insertion losses
and isolation.

In this paper (the first of two parts), the theoretical treatment
is given with some details, together with computational results.

Experimental setups and results will be described in a second.
paper (to be published).

II. HistoriCAL REVIEW

There are two main classes of nonreciprocal semiconductor
devices. In the first class, the semiconductor sample is longitudi-
nally magnetized (the static magnetic field is parallel to the
propagation direction). Such structures have been considered in
[12], [13]. For instance, in [12], an InSb semiconductor at 77 K
(mobility = 48 n?/V -5, conductivity =1.5 10° s/m) with a length
{=128.9 mm exhibits a 2-dB insertion loss and a 30-dB isolation
(frequency was 35 GHz and magnetic field 0.2 T'). These results
are very interesting. -Unfortunately, the realization of such a
device is difficult. Two drawbacks are low temperature operatlon
(77 K) and longitudinal magnetization.

In the second class, the semiconductor slab is transversally
magnetized. Operation at room temperature may be considered.
This requires a very thin semiconductor plate to overcome the
losses due to the semiconductor conductivity.

Several methods have been proposed to compute the propa-
gation constant of a waveguide partially filled by a semiconduc-

tor and submitted to a magnetostatic field.

For instance, Gabriel and Brodwin [4] have used a perturba-
tion method, where the nondisturbed field is the TE;, mode of
the waveguide. The semiconductor. introduces a perturbation
operator: the field perturbation is projected on the basis of the
eigenmodes of the waveguide. However, this method is not valid
for a strong perturbation, namely for a high semiconductor
conductivity.

Hirota and Suzuki [2] used a variational method assuming a
lossless semiconductor. This method determines the phase con-
stant and exhibits the field displacement effect. But their calcula-
tion did not take into account the dielectric substrate.

Another pertinent treatment is the Schelkunoff method [6].
This method has been used by Arnold and Rosenbaum [7], and
by J. L. Amalric [8] in the case of anisotropic inhomogeneous
waveguide. This last author gave an interesting discussion of the
advantages and drawbacks of this method.
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Fig. 2. Semi-infinite semiconductor plate submitted to a x-directed magneto-

static field By.

The major advantage of the latter method is its ability to study
a more general case: a semiconductor slab on a dielectric sub-
strate anywhere in the waveguide.

The Schelkunoff’s method shows two disadvantages. First, it is
not well suited for high-conductivity materials inside the wave-
guide and can’t be considered in the case of a finline isolator.
Second, there is a problem with the choice of the modes used in
the projection of the solution on the waveguide  eigenmodes.
Different selection criteria may be considered. The most im-
portant criterion is the values of coupling impedances between
the eigenmodes. The numerical solution depends on the choice of
eigenmodes.

The SDT is a powerful tool for analyzing planar microwave
structures. We shall show in this paper how it can be used to
calcnlate the pertinent parameters of a semiconductor isolator by
taking into account the losses of the semiconductor slab. In this
method, the semiconductor is described by its impedance (or
conductivity tensor). The SDT seems well suited for high-mobil-
ity or conductivity semiconductors.

III.

The wave in a semi-infinite high-conductivity semiconductor,
which-is submitted to the magnetostatic field perpendicular to the
interface, is easily shown to propagate almost along the magnetic
field B, mathematically: k,; << k 1, ky; is the propagation con-
stant parallel to By and k L is the one perpendicular to Bj.

These are two quasi-circular waves. The fransverse components

are circularly polarized and the longitudinal ones are quite negli-
gible. The two propagation constants are the helicon and the
antihelicon ones.
. If one considers a plate of thickness &, the electromagnetic
field is even or odd. For an even mode, the transverse electric
field is maximum at the center of the plate, e.g., the impedance in
this plane is an open circuit. By the transmission-line theory, one
obtains the surface impedances for the two quasi-circular modes
in the usual rotating frame (see Fig. 2). Returning to the Carte-
sian components of the field, we get a surface impedance tensor
defined by the following relation:

E;=Z,Hy. (1)
E; and H, are the tangential electric and magnetic field on the

semiconductor. Z_ is a 2 X2 matrix. Its elements are function of
the semiconductor characteristics.

MODELIZATION OF THE SEMICONDUCTOR LAYER
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Fig. 3. Basic structure studied by Hirota and Suzuki.
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Fig. 4. Air-gap semiconductor isolator d < b.

When the thickness of the plate § is small compared to the
wavelength in the semiconductor, the expression of Z is sim-
plified. So, by considering the current density instead of the RF
magnetic field, one ends at the following relation between the
tangential electric field E; and the current density J; on the
semiconductor layer:

Jp=80E;

©)
where 8 is the thickness of the semiconductor and o is the
conductivity tensor given by

OJ_ ax
G

0=
X o,

1+ jor T

(1+ jw7)2+ w?r?

=g, — 55
(1+ jwr) + @21

(3)

9 semiconductor conductivity,

w, = eB/m* cyclotron frequency,

e and m*  electron charge and the effective mass, respectively,
v =1/7 = collision frequency,

B, = magnetostatic field perpendicular to the semicon-

ductor.

IV. THEORETICAIL ANALYSIS

Figs. 3—5 show different structures.

The most general case is the finline isolator (Fig. 5). Structures
given in Figs. 3 and 4 may be studied by using the Schelkunoff’s
method. Because of the presence of the fins (infinite conductivity)
in Fig. 5, the former method can’t be used, so we propose an
extension of the SDT.

Fig. 6 shows the pertinent dimensions in the general case. This
structure is a bilateral finline with two semiconductor layers in
the planes x = + ¢/2. A magnetostatic field is x-directed.

We solve for even modes which see a magnetic wall in the
plane of symmetry x=0. The electromagnetic ficld in each
region, dielectric and air, is expressed as a superposition of. the
LSE and LSM modes. The pertinent Hertz potentials are x-
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Fig. 5. The most general case. The finline isolator.
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Fig. 6. The studied structure. It is a bilateral finline loaded by a semiconduc-
tor slab. The semiconductor lies between y = d; and y = d;. The media 1 is
the air and the media 2 is a dielectric (¢, = €4¢,).

directed

(x,y,2,8) = ¢(x,y)-exp[ j(wr— Bz)]x (4)
where 8 is the propagation constant (phase constant and attenua-
tion) and « is the angular frequency. The function ¢(x, y) is
developed in the Fourier series along the direction.

Let E, and E, be the tangential components of electric field in
the slot (between the two fins in the plane x = ¢ /2). Applying the
continuity conditions at x = c¢/2, one obtains a fundamental
relation between the Fourier coefficients of the current density
and the Fourier coefficients of ‘the tangential electric field. This
relation reads

=M E, (5)

M, is a 2X2 matrix. Its elements are known functions of the
structure dimensions a, b, ¢, the frequency, and the dielectric
constant.

The relation (5) is a classical one and may be found in other
works in connection with the finline [9]-[11] and (or) the micro-
stripline.

Now, we shall introduce the semiconductor in the equatlons
The relation (5) is equivalent in ordinary space to

F(y)=ME(y) (6)
where ./ is a known operator independent from the semiconduc-
tor parameters. The current }’ (») has tow components: current
on the fins ff( »), and current on the semiconductor /SC( »).
Then

L (9)=F(0)+Fu( ). (N

Previously, we expressed the following boundary conditions on
the semiconductor (2), which we write again as

Fe(y)=80-6(y) (8) .
where J is the thickness of the semiconductor and ¢ its conduc-

tivity. Thus, the new fundamental relation between the fin cur-
rent and the slot field is '

F ()= (M~ 80)E(y). )

If the semiconductor thickness goes to zero in (9) (no semicon-
ductor), we get the classical finline case (relation (6)).

To solve (9), the analysis goes on as in [9 eq. (10)]. One notes
that all quantities are complex. Let us write the following slot-field
expressions:

6,(»)=2Xaf(y)
(”@z(z)=z‘bigi(y) (10)

where f,(y) and g,(y) are known basic functions and a,, b, are
unknown complex coefficients.
The expression (10) is valid in the slot, namely for d, < y < d,.
On the fins 0 < y < d, and d, < y < b, the electrical field is zero.
Since the electrical field and fin current are defined in comple-
mentary domains

F#0 0<
F=0 dy <

then the two relations are verified

%fob!}y(y)'f,-(y)‘dy =0, -ll;fobf}z(y)g,-(y) dy=0.
(11)

Equation (11) gives a system of linear equations. The un-
knowns are the coefficients a;, b,. The determinant of the system
(11) is a transcendental function of frequency and propagation
constant. The zeroing of the determinant gives the propagation
constant and then the field and power distribution.

The detailed form of the determinant and the procedure for the
search of the solutions of the determinantal equation may be
found in [11].

The computation is achieved with trigonometric basis func-
tions. In all cases, the relative convergence criterion is satisfied

‘and one needs typically five basis functions. In this case, the

computation time is about 5 s on a HB 68-CII Multics Computer.

V. COMPUTATION RESULTS

Two semiconductors have been considered: 1) InSb because of
its high mobility, and 2) GaAs because it is an interesting media
for millimeter-wave integrated circuits (MIC’s).

- From the calculation, one gets the complex propagation con-’
stant: phase constant and attenuation constant. }

A typical variation of the phase constant B is given in Fig. 7.

The forward phase constant 8% and the backward one 8~ are
plotted versus the semiconductor fin height. One notices a dif-
ferential phase shift. Such an effect could lead to the realization
of a nonreciprocal phase-shift device. But this requires very low
insertion Josses.

In the next sections, only the attenuation constants (a™ for the
forward propagation and a~ for the backward propagation) will
be further discussed. The insertion losses are defined by

L(dB/cm) = 20log,, [exp( 100)] =8.6810 %"
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Fig. 7. A typical variation of 8* and B~ versus the semiconductor height.
The InSb thickness is 2X1 pm. Finhne case dg = 0.2b, d, =0.8b, f=36
GHz, By = 08T, c=0.125 mm, ¢, = 5.5.
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Fig. 8. Forward e and backward ™ attenuations versus the semiconductor
height. The InSb thickness is 2X1 pm. Air-gap isolator dy =0, d, = b,
f=36 GHz, By = 0.87, ¢=0.125 mm, ¢, = 5.5.
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Fig. 9. Forward a® and backward a™ attenuations versus the semiconductor
height. The InSb thickness is 2 X 1 pm. Finline isolator d, = 0.25, d, = 0.8b,
f=36 GHz, By =0.8T, ¢=0.125 mm, ¢, =5.5.

The isolation is given by

a-

I(dB/cm) = 20log,, [exp( 100)] =8.6810%a".

A.  Effect of Semiconductor Fin

Figs. 8-11 give the variation of the attenuation constants (a™
and a” ) versus the semiconductor fin height.

Figs. 8 and 9 are relative to a 1-um thickness of GaAs. In all
cases, the dielectric substrate is 0.125 mm, frequency is 36 GHz,
and the magnetic field 0.8 7.

Let us consider first InSb (Fig. 7). The conductivity of the
semiconductor is ¢ =1.7 10 S/m and the low-field electronic
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Fig. 10. Forward a* and backward &~ attenuations versus the semiconduc-

tor height. The GaAs thickness is 2 X1 pm. Air-gap isolator dy =0, d, = b,
f=136 GHz, B,=0.8T, c= 0125 mm.
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Fig. 11 Forward a™ and backward &~ attenuations versus the semiconduc-
tor height. The GaAs thickness is 2X1 pm. Finline isolator dy=0.25b,
dy=0.8b, f=36 GHz, By=0.8T, ¢=0.125 mm, ¢, =12.

mobility is p = 6 m?>/V-s. The permittivity of the dielectric is 5.5.

One notes a 2-dB/cm insertion loss and 9-dB/cm isolation for
a normalized height 4 /b = 0.6. The performances of the isolator
are greatly enhanced by the use of finline technology (Fig. 9).
This improvement arises since the fins concentrate the power
near the conductor edges. One notices an important improvement
of the isolation (>17 dB/cm) at the expense of increasing the
insertion losses up to 2.9 dB/cm.

We have carried out the same computations with GaAs, the
conductivity ¢ = 3000 S/m and the low electronic mobility p = 0.5
m/V-s. The results are shown in Figs. 10 and 11. In all cases, the
performances degrade with the substitution of GaAs to InSb. The
insertion losses (d /b = 0.6) are very high ( >10 dB/cm).

A comparison between the previous cases is given Table 1. In
conclusion, it is necessary to verify the condition pB,>1. The
higher the product g B, the higher the isolation, and the smaller
the insertion losses. One concludes that GaAs is not interesting
for this application. Hence, only InSb will be considered in the
next computations.

B. Effect of Slot Width

Fig. 12 gives the variation of ¢™ and a~ versus the slot width.
The other parameters are given in the figure. The slot width
d/b=10.6 seems a possible optimum (which is given by the

maximum of

o .
Pt In this case, we have a* =28 Np/m and
a~ =158 Np/m.
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TABLE1
COMPARISON BETWEEN INSB AND GAAS

Slot
Semiconductor

at a” Losses Isolation

width dy,/b d,/b d,/b Np/m Np/m dB/cm dB/cm

InSb, § =2Xx1pm b 0 0.6 1 25 115 21 1.0
InSb, §=2X1pum 06b 02 0.6 0.8 35 195 2.9 16.9
GaAs, § =2X1 pm b 0 0.6 1 155 260 13.5 22,6
GaAs, §=2X1pm 066 02 0.8 0.8 220 400 19.1 34.7
a (Np/m) (Np/m)
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150 / \\a
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0 dfb
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Fig. 12. Forward a® and backward a~ attenuations versus the slot width
d/b=(dy—dy)/b. The InSb lies between d, and 4, =0.5b, f =36 GHz,
By, = 0.87, ¢=0.125 mm, ¢, = 5.5. 200

C. Broad- Band Operation

Fig. 13 gives the behavior of attenuation constants «* and a~
in the case of the InSb slab, when the frequency is swept between
30 and 40 GHz (Ka-band). One notices that a™ is quasi-indepen-
dent from frequency, but a~ increases linearly from 220 N, /m
to 280 N, /m. One concludes that the device may be operated in

P
quite a broad band.

D. Field Displacement Effect

To illustrate the field displacement effect, we have drawn the
power distribution in the cross section of the line for two propa-
gation directions.

Fig. 14(a) is relative to the forward propagation. The power is
concentrated on the slot near the edge of the fin leading to a
small attenuation.

Fig. 14(b) is relative to the backward propagation. The power
is concentrated on the semiconductor where the attenuation is

high.
VI. CONCLUSION

We describe in this paper a new theoretical computation of the
field displacement effect—semiconductor isolator. It relies on two
main ideas.

First: the modellization of a high-conductivity semiconductor
slab by a surface impedance tensor. This allows an easy expres-
sion of the boundary conditions.

Second: the S.D.T. is adapted to take into account the presence
of lossy surface impedance. This approach has allowed us to
compute insertion losses and the isolation per unit length of an
infinite isolator structure.

A comparison between InSb and GaAs is done. InSb appears
to be the best choice at room temperature and for reasonable
values of the static magnetic field. Calculations show the large
enhancement of the isolation when using the finline technology.

AN\
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34

—\%

30 32 34 36 38 4o HGHZ)

Fig. 13. Broad-band operation. The attenuations a® and a~ versus the
frequency. The InSb thickness is 2X1 pm. dy=0.2b, d, = 0.8b, d; = 0.6b,
B, =0.8T, ¢=0.125 mm, ¢,=5.5.

Experimental results (to be published) for the AsGa agree
within 10 percent with the computed prediction.
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finline isolator dy = 0.2b, d, = 0.8, f =36 GHz, B, = 0.87. This is the forward case. (b) Power density on the half cross section of
finline. The power is concentrated on the semiconductor. The parameters are given in Fig. 14(a). This is the backward case.
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Biological Tissues Characterization at Microwave
Frequencies

B. D. KAROLKAR, J. BEHARI, AND A. PRIM

Abstract —The present work is concerned with the measurement of
dielectric permittivity and conductivity of various high loss tissues from
freshly sacrificed animals. The measurement makes use of the ‘infinite
sample’ technique which involves mounting of the sample in a rectangular
waveguide system excited in the TE 4, mode at 9.4 GHz. A more complex
system consisting of skin-fat-muscle combination is also studied. An
evaluation of relaxation times is made in all the cases. It is hoped that these
data will be relevant in further quantifying the available results in this
frequency range.
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I. INTRODUCTION

Biological effects of microwave radiation have been the focus
of various research efforts in the last decade. Key to this is the
determination of the complex permittivity (¢’ and €¢”’) of biologi-
cal tissues. Although in vivo methods have been attempted in the
recent past [1], no data are available on dielectric measurements
of tissues like stomach, intestine, and heart in the gigahertz
frequency range, though some measurements for kidney and liver
have been recently reported [2]. In an effort to bridge this gap, a
detailed survey has been undertaken of almost all the available
biological tissues. The chosen method would have to be one
which could be uniformly adopted for all such tissues and at the
same time be fairly quick and simple. This would allow measure-
ments on fresh tissues, thus ensuring essential sample configura-
tion. Dictated by these factors, the ‘infinite sample’ technique
was adopted for the measurement of dielectric parameters of
high-loss tissues at microwave frequencies.

In order to compare our measurements with those of other
techniques [2], we have included some of the tissues like muscle,
spleen, and liver, and also the muscle phantom tissue for which
fairly reliable data are available [3]. Besides these, tissues like
intestine, stomach, spleen, heart, and a more complex system
consisting of a skin, fat, and muscle combination were also
studied. The measurements were performed at 9.4 GHz. The
frequency was chosen to be in the gigahertz range in view of the
possibility of the use of high-frequency electrical energy as an
effective method of selectively heating local masses of tissues,
while the surface heating of tumors has also been proposed [4].

II. THEORETICAL BACKGROUND OF THE ‘INFINITE
SAMPLE’ TECHNIQUE [5]

When a physically reasonable length of the sample dissipates a
sufficiently large portion of the microwave energy entering the
sample so that no energy is reflected to the input terminal, the
sample may be considered to be of ‘infinite length’. Thus, making
use of the “infinite sample’ technique, the measurement requires
the determination of essentially only the normalized input imped-
ance at the sample face. The dielectric permittivity and the loss

0018-9480/85/0100-0064$01.00 ©1984 IEEE



