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Performance Predictions for Isolators and
Differential Phase Shifters for the

Near-Millimeter Wave Range

SALVADOR H. TALISA, MEMBER, IEEE, AND DONALD M. BOLLE, SENIOR MEMBER, IEEE

,4 fistract —An analytical and numerical study is presented for a five-

region planar canonical structure modeling quasi-optical integrated surface

magnetoplasmon based nonreciprocal devices for the near-millimeter wave

range. The model includes a slab of a high quality semiconducting material,

such as n- GaAs, magnetized parallel to its surfaces and perpendicular to

the direction of propagation.

The analysis performed is exact. Sample results show the possibility of

acceptable performance for isolators over a bandwidth of 45 GHr in the

500-GHz range and of differential phase shifter design over a bandwidth of

65 GHz in the 380-GHz range.

LIST OF SYMBOLS

Angular frequency (rad/s).

Plasma frequency (rad/s)
ne=

tom* “

~~lotron frequency (rad/s)

W* -

Carrier concentration (m-3 ).

Electron charge (C).

Electron effective mass (kg)

0.067 me (for GaAs).

Electron rest mass (kg).

DC magnetizing field (Wb/m2).

Vacuum permittivity and permeability, respec-

tively.

Static dielectric constant of the semiconducting

material

12.95 (for GaAs).

Collision frequency (rad/s)

1/7.

Momentum relaxation time of the semicon-

ducting material.

Complex propagation constant

a + j~.

Attenuation constant.

Phase constant.

Transverse wavenumber of the i th region.

Relative dielectric constant of the ith region.
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D1, D2, D3

Effective relative dielectric constant of the

semiconducting medium (~,(a)= c=).

Widths of the slab regions.

I. INTRODUCTION

I N THIS paper we present the results of a study which

is aimed at developing a fundamental understanding of

surface magnetoplasmons on high quality semiconducting

substrates. The information obtained will have direct appli-

cation in the design of quasi-optical integrated nonre-

ciprocal devices in the near-millimeter wave range, such as

isolators, phase shifters, and circulators.

Theoretical and experimental studies on nonreciprocal

devices for the millimeter through infrared wave ranges

employing magnetoplasmas have been carried out by May

et al. [3]–[7]. Important contributions to this field are also

the works by Jacobs and Chrepta [8] on millimeter wave

phase shifters and by Eberhardt et al. [9] on quasi-optical

wave propagation in gyromagnetic and gyroelectric media.

In the study presented here, design considerations and

performance predictions are based on the analysis of multi-

layer canonical structures of up to five regions including a

slab of a high quality doped semiconductor. In this work

we have considered n-type GaAs with a carrier concentra-

tion equivalent to a plasma frequency UP= 1.013 rad/s

(n =2.1X 10’5 electrons/crd). Losses in the GaAs slab are

modeled using momentum relaxation times of the order of

7=8 X10–12S [1].

A uniform magnetic field is applied parallel to the GaAs

slab surfaces and perpendicular to the direction of propa-

gation (Fig. 1) yielding a cyclotron frequency UC= 10’2

rad/s (B. =3810 G). This value has been used throughout

the calculations presented here. The resultant anisotropic

medium is characterized by the complex perrnittivity tensor

[1] given in Section II.

As has been discussed elsewhere [1], [2], waves propagat-

ing in a slab of GaAs material exhibit a field displacement

effect when exposed to a uniform dc magnetic field. In

addition, we observe nonreciprocal propagation character-

istics for semiconducting slabs which are asymmetrically

loaded.

The modeling of quasi-optical integrated nonreciprocal

devices by multilayer canonical structures naturally fits

into the effective dielectric constant method first intro-

duced by Knox and Toulios [10], based on Marcatili’s
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Fig. 1. Five-region canonical structure
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Fig. 2. Sample dispersion diagram for the five-region canonical struc-
ture. Nonreciprocal device isolation. Forward propagation. Parameters:
~P=I013, ~C= @2, r=8X10–12, Ef0J=13, C4=4, cl=c~=c~=l,

D, =50 pm, D2 = D3 = 100 pm.

approximate analysis [11 ] of rectangular dielectric wave-

guides. The method was further developed by Itoh and

Mittra [12] and is employed in the analysis of different

rectangular dielectric waveguiding structures suitable for

use in millimeter wave through optical integrated circuits.

Thus the five-region model considered here, consisting of

a dielectric slab parallel to the semiconducting slab and

placed at a certain distance from it, is appropriate for the

modeling of two rectangular dielectric waveguides em-

bedded in a dielectric substrate, one of which is the semi-

conducting material.

Planar canonical structures modeling millimeter wave

ferrite based nonreciprocal devices have also been used by

Itoh [13].

The results presented here for gyroelectric materials have

their gyromagnetic counterpart in those obtained for planar
ferrite loaded microwave devices [ 14]-[ 17] (see also [13]),

although the reasons for modeling rnicrostrip and stripline

ferrite devices with multilayer canonical structures are dif-

ferent to those for quasi-optical devices. However, mag-

netized semiconducting slabs offer a greater wealth of

modes that display the field displacement effect.
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Fig. 3. Sample dispersion diagram for the five-region canonical struc-
ture. Nonreciprocal device isolation. Reverse propagation. Parameters
as for Fig. 2.

This is because, within the range of interest, the semicon-

ductor effective permittivity becomes negative in two sep-

arate frequency intervals, i.e., for O< a < u~lJ and u~ < Q
<L@ [1]. Thus for a magnetized GaAs slab, branches A

and S (see Figs. 2 and 3) are found in the first interval,

while branches D and E are obtained in the second. These

four branches exhibit field displacement effects [1], [2].

On the other hand, the effective permeability of mag-

netized ferrite slabs is negative only in one frequency

interval [16], with a functional dependence similar to that

of the effective dielectric constant of GaAs between ti~

and u~z). Indeed, branches D and E resemble the dynamic

and magnetostatic modes found for ferrites [14]–[ 17].

In Section H of this article, a brief account is given of

the theoretical analysis made for the five-region geometry.

The analysis performed is exact. In Section III the results

of this analysis are presented, Typical dispersion and loss

diagrams are given which show encouraging device iso-

lation and phase shifting characteristics.

An important achievement in connection with our com-

putations was the utilization of a very reliable and efficient

algorithm based on Davidenko’s method [18], [19] used to
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find the complex roots of the complex

for the system.

II. THEORY
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dispersion relation where.
k~=–y2–k$,; i=l,3,4,5 (6)

k:=–y2–k&e(ti) (7)

The geometry to be analyzed is shown in Fig. 1. It is ‘ith

assumed to be infinite in the y-direction. Regions 1 and 5 ,e(.)=q
extend to x - – cc and x + + cc, respectively. Region 2 is

(8)

the semiconducting material while regions 1, 3, 4, and 5 are

dielectric regions with different permittivities. Propagation
k:= W*/-LoCo. (9)

of the electromagnetic fields is in the z-direction. The coefficients R, to R ~ are obtained from the function

For a uniform dc magnetizing field, as shown in Fig. 1, R(l, I,rn, rt, @,q)
the semiconductor dielectric tensor takes the form

II

& o -jq
,,, ‘(:+ f:)(:+’:)(k+m’y:+ n’e:)

((0)= o ,{ o
~~ot

(
. k2+@jy~+qce~

)
(lo)

where
in the following way:

R,= R(l,l, –1,1,1,1) R5=R(1,1,1, –l, –l, –1)

R2=R(1, –l, –l, –1,1,1) R,= R(l, –l,l,l, –l, –1)

R3=R(–1, –l, –1,1,1,1) R7=R(–1, –l,l, –l, –l, –1)

R4=R(–1,1, –l, –1,1,1) R~=R(–l,l,l,l, –l, –l).

<=,(0) –
6J;((.d-jv)

(2)
@[(u–jv)2–ti:]

— ti;uc
(3)

‘= @[(u –jv)2– u:]

(4)

The different parameters involved and the notation em-

ployed in (1) to (4) are listed in the nomenclature.

Only TM modes are considered here since fields corre-

sponding to TE modes do not exhibit interesting interac-

tions with the semiconducting material. For an infinite

structure in the y-direction only three field components

result: HY, E.x, and E,.

We restrict our consideration to the bounded modes of

the structure, i.e., those for which the fields decay exponen-

tially in the transverse direction.

Solution of Maxwell’s equations, with the boundary

conditions appropriate to the geometry given in Fig. 1,

leads to a complex transcendental equation whose complex

roots yield the propagation constants (i.e., y = a + j~)

characteristic of this waveguiding system. This transcen-

dental equation or dispersion relation is given below. The

notation employed is shown in the list of symbols.

Throughout these calculations, a time dependence factor
~J~t and a propagation factor e–” have been assumed.

Equation (5), when solved for different values of w, gives

the modal spectrum of the configuration. Typical examples

are given in Figs. 2 and 3.

As mentioned in Section I, (5) is solved using an algo-

rithm based on Davidenko’s method. This method consists

of reducing the Newton–Raphson iterative procedure to a

set of simultaneous first-order differential equations in a

dummy variable. This system is then solved numerically

using the subroutine RKF45 [20], [21].

This algorithm has proven to be very efficient and

reliable.

III. NONRECIPROCAL DEVICE BEHAVIOR

Typical loss and dispersion diagrams showing the modal

spectrum for the five-region model are given in Figs. 2 and

3 for the configuration shown in Fig. 1. The different

branches shown can be compared with those obtained for

the single GaAs slab [1], [2]. Branch E is heavily attenuated

and is not shown in Figs. 2 and 3.

Since the GaAs is the lossiest material in the guiding

system, the energy must be preferentially guided outside

the semiconducting slab. The reason for modeling quasi-

optical integrated nonreciprocal devices using a five-region

planar geometry is that it allows us to vary the structure

parameters so as to control the fraction of energy which is

(eh% R,e
F(o; y)= e-2k’D’ –

kzDz + R2e-k,Dz) + e-k~D,(R3ek3D, + Rde-k3D2)

ek4D3(%ek3D’ +%e ) (
–k3D2 + e–k4D3 R7ek3D2+ R8e–k3D2

)
=0 (5)
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TABLE I
ISOLATION(SEEFIGS. 2 AND 3)

12
Insertion Loss

W(xlo ) f(GHz) dB/mm dB/i

3.0 477 0.96 0.55

3.1 493 0.52 0.27

3.2 509 0.30 0.15

3.3 525 0.26 0.12

3.4 541 0.18 0.08
—

Isolatlon

~ .

.

3.6 1.98

2.6
I

1.34

1.6 I 0.77

TABLE II
PHASE SHIFT (SEE FIGS. 4 AND 5)

Insertion loss (dB/nun)

U(X10-12)

2.2

2.3

2.4

2.5

2.6

f(GHz)

350

366

382

398

414

A@ (“/mm)

80

97

109

120

120

Ho ‘t’ O

0.23

0.34

0.45

0.55

0,65

HO<O

0.76

0.61

0.53

0.57

0.77

T = 15 x 10-12

HO>O

0.32

0.47

0.60

0.75

0.87

HO<O

1.02

0.80

0.70

0.76

1.03

‘T = 10 x 10-12

H~>o
—

0.48

0.70

0.90

1.09

1.29

H <0
0

1.53

1.18

1.03

1.15

1.53
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carried external to the semiconducting slab, as well as the The mechanism through which nonreciprocal isolation is

amount of dielectric loading on one s~de of the GaAs slab.

The semiconducting slab is then required only to the

extent that it introduces sufficient nonreciprocity in the

propagation characteristics. In the case of an isolator, it is

desired that, making use of the field displacement effect,

most of the energy travels within the GaAs slab for one

direction of propagation (thus suffering considerable at-

tenuation) while for the other propagation direction the

energy is predominantly carried by the second dielec-

tric slab, region 4.

It must be added that, for differential phase shifters,

significant nonreciprocal phase shifts at highly desirable

values of the insertion loss are obtained for relaxation

times (~) higher than those currently available.

A. Nonreciprocal Device Isolation

Branch D, in Figs. 2 and 3, offers nonreciprocal char-

acteristics which can be used for isolator design. The data

shown in Table I, taken from these figures, shows that

device isolation can be obtained over a bandwidth of about

45 GHz—in the 500-GHz range (AO = 0.6 mm)-with an
insertion loss of 0.5 dB/mm or less, and an isolation ratio

of 10:1 or better. “For somewhat higher insertion losses and

lower isolation ratios, this bandwidth could be extended to

60 or 70 GHz. (It must be noted that branch D has its

onset at u =2.95X 1012 rad/s in the forward propagation

direction.)

obtained can be understood from the field distributions for

branch D, an example of which is given in Figs. 2 and 3.

For the forward propagation direction the fields adhere to

the high dielectric loaded side of the GaAs slab, the

dielectric slab thus guiding the energy away from the

semiconductor. This effect is achieved more efficiently

toward the higher end of the band where the attenuation is

thus lowest.

For the reverse propagation, at lower frequencies the

electromagnetic energy concentrates more heavily in the

vicinity of the air–GaAs interface opposite to the dielectric

slab. Due to the influence of the latter, then, more energy is

forced to travel within the GaAs and is therefore at-

tenuated. This effect diminishes as the frequency increases.

B. Nonreciprocal Phase Shifting

Figs. 4 and 5 show modes S and A for the configuration

given in the insert. In this case, branch S exhibits char-

acteristics that are suitable for differential phase shifter

design over a bandwidth that strongly depends upon the

loss parameter ~ of the semiconducting region. This infor-
mation can be obtained directly from Figs. 4 and 5 and is

summarized in Table II.

Thus if the semiconducting material is assumed to have a

relaxation time of r =20X 10– 12 s, substantial differential

phase shifts (between 80 and 1200/mm) with a maximum

insertion loss of 0.76 dB/mm can be obtained for a
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Fig. 4. Branch S: differential phase shift. Forward propagation. Parame-
ters: o =1013, LJC=1012, C(0)=13, C4=6, C,= C3=C5 =1, D1 =75 pm,
D2=56 pm, D3=100 pm.
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Fig. 5, Branch S: differential phase shift. Reverse propagation. Parame.

ters as for Fig. 4.

bandwidth of about 65 GHz in the 380-GHz range (AO = 0.8

mm). For ~ = 15X 10–2 s the bandwidth is reduced to

about 30 GHz with differential phase shifts between 97

and 120° /mm for the same maximum insertion loss as

above.

As can be seen from Table II, for values of ~ of the order

of 10X 10 – 12s or lower, the insertion loss increases beyond

1 dB/mm.

It should be noted, from Figs. 4 and 5, that branch A is

highly attenuated at the frequencies of interest and plays

no role.

Within this range, for the forward propagation direction

(or, equivalently, for positive biasing magnetic field) an

important portion of the energy travels in region 1. This is

indicated in Fig. 4 by the proximity of branch S to the

light line in vacuum (c, = 1).

For the reverse propagation direction (or for negative

biasing magnetic field), a phenomenon already studied in

[1] occurs. The fields, which at lower frequencies adhere to

the low dielectric side of the GaAs slab, change their

distribution within a short frequency range, concentrating

now in the vicinity of the opposite air–GaAs interface

(63 = 1). In this transition band, more energy travels within

the semiconducting slab, hence the attenuation peak ob-

tained at around 350 GHz (Fig. 5). Once this transition is

completed, the fields again travel mostly outside the GaAs,

thus experiencing lower attenuation. As the frequency in-

creases, however, losses also increase since branch S gradu-

ally becomes a “volume” mode [1].

This feature of branch S has been fully explained in [1],
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where a single semiconducting slab with maximum asym-

metric loading is considered, that is, sided by semi-infinite

media of different dielectric constants.

IV. CONCLUSION

The results of an analytical and numerical investigation

have been presented for structures modeling quasi-optical

integrated nonreciprocal devices for the near-millimeter

wave range based on surface magnetoplasmons. The model

is a canonical multilayer structure which includes a slab of

high quality semiconducting material such as n-type GaAs,

exposed to a uniform dc magnetic field parallel to its

surfaces and perpendicular to the direction of propagation.

The study of the five-region geometry presented here is

suitable for the analysis of rectangular dielectric waveguid-

ing structures through the use of the effective dielectric

constant method.

The analysis performed is exact. Results obtained show

loss and dispersion characteristics which are encouraging

for isolators and phase shifters, Thus an isolation ratio of

10:1 over a bandwidth of 45 GHz in the 500-GHz range is

shown to be achievable.

Regarding phase shifters, our results show a strong de-

pendence on the loss parameter of the semiconductor.

Furthermore, phase shifter characteristics which match

those at microwave frequencies are possible provided the

quality of the semiconducting material can be improved.

Thus significant phase shifts (80 to 1200/mm) at desirable

insertion losses are obtained for relaxation times of the

order of 20X 10– 12 s over a bandwidth of 65 GHz in the

380-GHz range. This bandwidth is reduced by half when

~ = 15X 10– 12s. These ”values of the momentum relaxation

time are significantly higher than those currently available
(~ S8 X 10-12 s) for GaAs. At this point, other III-V

materials appear to offer greater promise for the attaining

of the desired relaxation times.
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