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Theoretical and Experimental Study of a Novel
H -Guide Transverse Slot Antenna
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Abstract —Transverse slots in the “upper” plate of a dielectric-loaded
parallel plane waveguide (H-guide) operating in the dominant mode (zero
cutoff frequency) are proposed as slot antennas.

A new theoretical approach to the analysis of a single-slot antenna is
presented, leading to explicit expressions for the antenna input impedance
and radiation efficiency. The computed values of the VSWR and radiation
efficiency are in good agreement with laboratory measurements. The
radiation efficiency of a single slot exceeds 10 percent in the 8—11-GHz
frequency band, reaching a 50-percent theoretically predicted maximum at
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Fig. 1. (a) The H-guide cross section. (b) Geometry of the slot radiator.

the slot resonance frequency, when the guide is terminated by a matched
load. ’

Experimental checks prove that the leakage, or parasitic, radiation power
level is less than —40 dB relative to the measured radiated power.

I. INTRODUCTION

Microwave conformal antennas are widely used in many
airborne and spaceborne systems. The conventionally used micro-
strip resonator antennas are mostly narrow band, have a poor
radiation efficiency, and the parasitic radiation from the feeding
microstriplines [1] interferes with the radiation from the reso-
nator. .

-The H-guide proposed by F. J. Tisher [2], [3], or the parallel
plane waveguide partially filled with a dielectric [4], can be
fabricated as thin as a microstrip board, and successfully used for
conformal mounting. M. Cohn showed [4] that “the dominant
mode TE,,” of this guide (zero cutoff frequency) can be used for
wide-band applications. The electric field of this mode is per-
pendicular to the metallic plates (Fig. 1), and neither the propa-
gation constant, nor the wave impedance of this mode depend on
the thickness of the guide. The fringe fields of the H-guide can be
reduced to 60—80 dB by choosing the right width of the plates,
thus excluding any leakage side radiation.

A theory of a single transverse, symmetrically spaced slot
antenna (Fig. 1) is presented in Section II. Closed-form expres-
sions for the normalized input impedance, the VSWR, and the
radiation efficiency of a single-slot antenna are obtained. It is
shown that 50 percent is the upper theoretical limit of the
radiation efficiency of a single series slot radiator in any wave-
guide structure términated by a matched load.

Laboratory measurements of the VSWR and radiation ef-
ficiency of a single slot (Figs. 5 and 6) are presented in Section
III, and the measured values are in good agreement with the
developed theory. The experiments confirm the theoretically pre-
dicted 50-percent radiation eff1c1ency at VSWR = 3.0 of a single
slot at resonance.

- No significant change in the values of the reflected and trans-
mitted waves has been detected when the measurements were

repeated with metallic screens mounted across the side gaps of
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the guide. These measurements proved the absence of any leakage
side radiation; direct measurements performed during radiation
pattern tests showed that the leakage radiation power level was
less than — 40 dB relative to the slot radiation.

II. THEORY OF A TRANSVERSE SLOT RADIATOR

Consider a parallel plane waveguide partially filled with a
dielectric (Fig. 1) supporting the dominant mode TE,, [4] (H-
guide supporting the PE,, mode [5]).

A transverse slot is cut in the upper metallic plate of the guide.
Following the classical theory of waveguide slot antennas [6], [7],
there is an incident wave, traveling in the positive z-direction

E e = Cf(x) exp(— jB,2) (1)
. C . .
Hinc= _xz_wf(x)exp(ﬁjnggz)+zflz,mc (lb)
and two scattered waves. The reflected wave is
E, = pBf(x)exp( jB,z) (2a)
. B , T
Hr=fo(x)exp(JBg2)+zH:,, (2b)

and the electric field of the wave scattered in the forward
direction is

E,=jzAf(x)exp(—jﬁgz). 3)

The wave impedance and the propagation constant of the mode
are

Z,=nk/B, (42)
,Bg2=z,k2—§2=k2+a2 (4b)
n=yko/€ k=wypoc. (40)
The transverse wavenumber is calculated from the equation
§
——— = /e, —1 5
cos(a¢/2) € )
and f(x) defines the distribution of the fields (1)-(3)
£(x) cos(€x), for |x| < a/2
x)= .
cos{fa/2)exp] —(|x|—a/2)a], for|x|>a/2
(6)
The electric field on the slot is
1
E=tVy—a(x),  9(0)=1 ©

where @(x) is the voltage distribution on the slot.
As shown in [7], the amplitudes of the scattered waves (in a
waveguide terminated by a matched load) are

M,

B=—Vyzib=—4 ®)

and the equivalent circuit of the slot is a series impedance, as
shown in Fig, 2.

M, =‘v1;_/;lotq>(x)f(x)exP(—ngZ) dxdz (9)

(10)

The voltages and the characteristic impedance of the guide (Fig.

My =2k [ f2(x) dx.
]
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Fig 2 Equivalent circmt of a narrow transverse slot in the upper plate of an
H-guide.

2) are found from energy considerations [7], [8]

V,=hC V,=hB V,=(C-B)h (11) -
hZ
7t = Z’“XTZ' (12)
The complex power delivered to the impedance Z, is
V4V, -V 2
s]otzl - 2rZ t|‘=2|;BL"h2.
Hence, the normalized impedance of the slot is [8]
M,|B|?
=220 (13)
Zstlot

which is a generalization of the classical expression [7]; the
asterisks denote complex conjugate values.

The complex power S, of the equivalent impedance Z; (Fig.
2) accounts for the complex power radiated by the slot into free
space, and for the reactive power of the evanescent modes
generated by the slot inside the guide.

Any waveguide-fed narrow radiating slot is equivalent to a
lossy slotline [9] short-circuited at both ends, and excited by a
distributed current source J,(x). The length b of the equivalent
line is somewhat greater than the physical slot length d (see
Appendix). The voltage across the slot satisfies the transmission-
line equation

Ly =20 (149
and the boundary conditions
Vi(£b/2)=0 (14b)
where
Y =a,+ B (15)

and Z, are, respectively, the complex propagation constant and
the characteristic impedance of the slotline.

The linear density of the surface current J,(x) that excites the
slot is

_l w/2
="

(—2)-K(x,z) dz (16)

where K is the surface current density equivalent to the x-com-
ponent of the magnetic field on the aperture of the slot. From (1),
it follows (if d < a) that

K(x,z) =9 X(— &) Hycos(£x)exp(— jB,z)

which yields

17)

J.(x) = — Hysinc(Bw/2) cos(éx) (18)

where

sinc(x) = sin(x)/x.

(19)
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The substitution of (18) into (14) yields the following solution [9]
for the voltage distribution on the slot (7):

Vi(x) = Vo (x) (20)
cosh(y,b,/2) cos(§x)—cos(£b/2) cosh(y,x)
p(x)= - (21)
cosh(y,b/2)—cos(£b/2)
Vo=—HyM, (22)
2)— b/2
M, = 7,4 o0 b/D Ze0s(86/2) gy (23)
(&% +v2) cosh(v,b/2)
The complex power consumed by the equivalent slotline is
Sdot = 1 E -K*dxdz
b 2 slot
and after the substitution of (7), (17), and (22)
_ Il My
Sslot - 2 M4* . (24)

From (13) and (24), it follows that the normalized impedance of
the slot (Fig. 2) is
7 M1 M,

sn Z M2 (25)

and the reflection coefficient of the slot in a waveguide terminated
by a matched load is

z
s T=B/C.

I'=z,+2

(26)
If the magnetic field H, in (17) is chosen as the sum of the
incident (1) and refiected (2) waves

=(C-B)/Z, (27)
the substitution of (27) into (22) and (8) yields the same expres-
sions for T' and Z,, as above. The integrals (9) and (10) permit

one to obtain an explicit expression for Z,

B, b’
Zan = 2nkgah sinc® (ng/Z) 0./0> (28a)

where
0, = u(u? + v*)[1+sinc(2v)]
—~2u* tanh(u) cos? (v)—wvsin(20) (28b)
0, = (u? + v?)*[1+sinc(2va /b)]+2cos® (va/b) /(aa)
(28¢)
u=v,b/2 v=£b/2. (28d)

Expressions (28) contain the characteristic impedance Z, and
the complex propagation constant (15) of a dielectric-backed
radiating slot. The effective dielectric constant of this slot is

assumed [10] to be
e,=q(e, +1) (29a)

where g is 0.5 in the case of zero metal plate thickness (7 = 0).
Therefore, the propagation constant is

B=kye. (29b)
and the characteristic impedance is
z.=7,/ e (290)

where Z, is the characteristic impedance of the same slot without
the dielectric substrate.
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Explicit expressions for Z, of a center-fed radiating slot cut in
an infinite conductive plane are derived in the Appendix. At the
resonant frequency of the slot, Z, is 430 @ (for d /w =12) and
changes very little with frequency (43 percent in a 40-percent
frequency band).

The attenuation constant «,, which accounts for radiation
losses, is found in the following way. The average power radiated
into free space by a dielectric-backed slot with a cosine voltage
distribution is [8]

rad |VE)|2T/(8'”7,) (30&)
where ¥, is the voltage at the center of the slot, and
T=(n? +1)(T,~T5)/n (30b)
n=1le, (30¢)
T, = Cin[#(1+1/n)]-Cin[#(1-1/n)]
a/n)] (30d)
T, =a(n® =1){Si[n(1+1/n)]=Si[#(1-1/n)]} /(n*+1)
(30e)
Si(x) =f sm(t) dt Cin(x) = f cos(l) dr.

The power delivered to an equivalent center-fed lossy transmis-
sion line is (see Appendix)

IVo[2
P.i= tanh( e, b/2). (31)
From (31) and (30a), it follows
TZ,
= Z tanh~ ( 8777)) (32)

Expressions (29) and (32), and the values obtained in the Ap-
pendix for Z,, supply all the required parameters for the compu-
tation of the equivalent normalized impedance of the slot (28),
and the reflection coefficient (26).

The radiation efficiency of the slot, which is the ratio of the
average power dissipated in Z, to the power carried by the
incident wave (Fig. 2), is

€= Pyot/Prac (33a)
Pin=Re(Sun) Puc=MCP/(22,).  (33b)
The substitution of (13) yields
e=4Re(|T>/Z%)
and, from (26), it follows
€= —RS" . (34)
(R,, +2)°+ X2,

Straightforward differentiations show that the maximum value of
the radiation efficiency, which is 50 percent, can be achieved only
when the following two conditions are satisfied simultaneously:

X,=0 R, =2 (35)
which means "= 0.5 and VSWR = 3.0.

III. EXPERIMENTAL STUDY

The tested single-slot H-guide antenna (Fig. 1) was fed from a
standard metallic waveguide. The transition from the metallic
waveguide to the H-guide was performed by flaring the metallic
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Fig. 3. (a) Transition from metallic waveguide to the H-guide. (b) The mea-
sured VSWR of a 60-cm-long section of H-guide with two transitions and
dummy load at its far end.
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Fig. 4. The VSWR and radiation efficiency measurement setup.

guide in the H-plane, and tapering the dielectric slab of the
H-guide, as shown in Fig. 3(a). The measured VSWR of a
60-ci-long section of an unslotted H-guide with two transitions
and a dummy matched load at its end is plotted in Fig. 3(b).

The diagram of the experimental set for measuring the slot
antenna VSWR and radiation efficiency is shown in Fig. 4. The
reflection coefficients were measured with the slot open, and with
the slot closed by a copper plate, and denoted, respectively, by I
and T.. The respective levels of the power transmitted through
the guide were P, and P,, while the power of the incident wave
P, . was maintained at a constant level.

mnc

The radiation efficiency of the slot is
€=1m|1-‘0'2_Pi/Pinc—PO/Pinc (363)

where P; is the power dissipated due to intrinsic losses. The last
term in (36a) can be represented as

PO/Pinc=x(1_|Fc|2_Pi/Pinc) (36b)
where x = P, /P,. The substitution of (36b) into (36a) yields
(36¢)

If the last small term in (36c) is neglected, the measured value of
the radiation efficiency of the slot is

e=1—To—x+x[T2+(x—1) P, /Py,

e=1—|Tp)? — x+ x|T,]%.

(37)
The measured values of the VSWR and the radiation efficiency
are presented in Figs. 5 and 6. The resonance of the slot occurs at
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Fig. 7. Computed input reactance and radiation resistance of a single-slot
radiator.

9.1 GHz (d =0.4532) ), which means that the length of the
equivalent transmission line is 1.103 times greater than the physi-
cal length of the slot. The same phenomenon is observed in the
case of a center-fed air slot radiator (see Appendix). The VSWR
at resonance is 3.0, and the radiation efficiency is close to 50
percent, as predicted by (34). This means that 50 percent of the
incident power is radiated into free space, and the rest is equally
divided between the reflected and transmitted waves.

The computed values of the VSWR and radiation efficiency are
also shown in Figs. 5 and 6, and there is a fairly good agreement
between theory and experiment. The computed active and reac-
tive components of the normalized slot impedance Z;, (28) are
plotted in Fig. 7.
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Special attention was paid to the possible conversion of the
dominant mode to parasitic modes of the empty parallel-plate
guide due to the discontinuity caused by the slot. An experimen-
tal check was made by closing the gaps between the parallel
plates of the guide by metal screens. The screening did not cause
any significant changes in the measured values of T; and F,
which proved that the parasitic side radiation was below the
detection level. Moreover, no detectable side radiation was reg-
istered during radiation pattern tests, which showed that its level
was at least —40 dB below the slot radiation level. The absence
of parasitic side radiation can be explained in the following way.
The parallel-plate guides on both sides of the dielectric (|x| > a /2,
Fig. 1) cannot support any modes with the electric field parallel
to the plates because the distance between the plates (4 =9 mm)
had been chosen less than half the wavelength at the maximum
frequency 12.4 GHz. The modes with an electric field perpendicu-
lar to the plates are described by the electric field

E = 95,50 (4,2) exp( £ j7,%)
where y2 + y2 = k2.

Parasitic side radiation would occur if vy, is real, which means
that vy2 < k2, and the boundary conditions at |x| =4 /2 would
not be satisfied.

Side radiation in the form of cylindrical waves occurs (and has
been observed) only in bended dielectric-loaded parallel-plane
guides supporting the dominant H,, mode.

APPENDIX
EVALUATION OF THE CHARACTERISTIC IMPEDANCE AND
ATTENUATION CONSTANT OF A CENTER-FED SLOTLINE

Rigorous expressions for the active and reactive power radiated
into a half space by a center-fed narrow slot cut in an infinite
conductive sheet (Fig. 8(a)) were obtained by Rhodes [12]

Prad=LIp (Al)
2mq sin? (kd /2)
Vol

Q rad = (Az)

" 2mgsin? (kd/2)
where
I, =[1+cos(kd)] Cin(kd)—0.5Cin(2kd) cos(kd)
+[0.5Si(2kd) —Si(kd)]sin( kd) (A3)
I, = [1+cos( kd)] Si(kd)—0.5Si(2kd ) cos( kd)
+[Cin(kd)—0.5Cin(2kd)—1.5

+1n(2w/d)]sin( kd). (A4)

1 and k are given in (4c), and the voltage distribution on the slot
is [12]
V(x)=Vsin[ k(d/2—|x])] /sin(kd /2). (A5)
Although the voltage at the ends of the slot is zero [12], the
resonance condition of the slot Q_,=0 is satisfied at d=
0.4599A . (for d /w=12.0).
A lossy transmission line with the same voltage distribution

(Fig. 8(b)) is equivalent to the radiating slot [9]. The length b of
the line is half the slot resonance wavelength. The active and
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(a)

Lba [ be

Fig. 8. Center-fed air slot dipole and 1ts equivalent circuit.

reactive power delivered to the input of the line are

2
po— Vol . tanh(a,b/2) (A6)
Z, sir? (kb/2)+tanh’ (a,b/2)cos’ (kb/2)
0 - Vol? cotan( kb /2)
" Z, cost?® («,b/2)+cotan® ( kb/2) sink? (a,b/2)
(A7)

where a, and Z, are the attenuation constant and the character-
istic impedance of the line.

Since the length of the slot is less than half the resonant
wavelength, the length of the equivalent transmission line is
larger than the physical length of the slot, i.c., b=1.0871d.

Explicit expressions for a, and Z, are obtained by equating
P4 with P, and Q_, with @

1
1 Gnn—12 sin( kb)

=7 7, (A3)
7 _2m sin® (kd /2) tanh( e, b/2) (a9
“ I, si? (kb/2)+tanh(a,b/2)cos? (kb/2)

From (A9), it follows that Z, =430 £ with a very slight
frequency dependence.

Finally, consider an empty rectangular guide, supporting the
dominant mode, with a symmetrical transverse slot in the broad
wall. At the quasi-resonant frequency of the slot d=A /2, the
equivalent normalized resistance of the slot is found from (28)
after the substitutions of h=5b, v=0257A/a, u=a,d/2+
jm/2, and

1
Bg/k=>\/>\g tanh(u) —W.
From (28b) and (28c), it follows
cos’ v .
Q1 = ~2uzm —uv Sln(zv)

+ u(u? + v*)[1+sinc(2v)]

Q.= (u*+ ).
Since a,d /2 < /2, the following approximations are assumed:

5
T~ cos™ v

. 2 4 A
uz]'”/z le?tanh(aud/@ sz(i) (—}\_)

g

and sinc(B,w/2) =1.
The substitution of these approximate expressions into (28a)
leads to

zZ, N AV L (wA
= tanh (o, d/2) abn'nz(T) o (E> (AL0)
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From (A9), it follows that at kd =7 (I, =1.23)
Zy < 2™
tanh(a,d/2) 1,

After the substitution of (All) into (A10), the normalized imped-
ance of the slot is

2 R[N LA
Zon= 1.23WE(T) 08 (IE)
which is the classical Stevenson formula [6], [7].

(Al1)
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I. INTRODUCTION

As GaAs microwave integrated circuits emerge as viable sys-
tems, one of the most important applications is predicted [1] to
be in direct broadcasting by satellite (DBS) television with
worldwide market possibilities. An essential requirement for this
technology is an integrated-circuit ‘front-end’ to be mounted on
the receiving dish. The dual-gate MESFET mixer is probably the
best solution to the down conversion in this system because it has
the advantages of a reasonable noise figure and conversion gain
(as opposed to a loss for Schottky diodes), and the inherent
separation of signal and local oscillator inputs results in circuit
simplification with consequent economies in chip surface area.

With this application in mind, a large-signal equivalent-circuit
model of a dual-gate MESFET in a mixer configuration is
presented. Using dc characteristics and analytical expressions for
the voltage dependence of the capacitance of a Schottky barrier,
the model is solved in the time domain over one period of the IF,
and the resulting output is Fourier analyzed to determine the
frequency components produced. The advantages of this method
of solution are that the mixing process can be well understood
and illustrated under all conditions of bias, and also the relation-
ship between the material parameters and the circuit performance
can be elucidated.

II. DERIVATION OF THE MODEL

A. Low- Frequency Model

At low frequencies, the effects of reactive components can be
ignored and the mixing properties of the device derived using
I,s—Vps characteristics. In common with other published work
[2], [3], the dual-gate FET is modeled here as two single-gate
FET’s in cascode with the dain of FET 1 connected to the source
of FET 2. The signal (RF) is applied to the gate of FET 1 and the
local oscillator (LO) to that of FET 2. This is illustrated sche-
matically in Fig. 1, which also shows the important voltages used
in the calculations. In order to obtain a solution to this circuit, an
analytical expression for the output characteristics of each com-
ponent FET is required. For this work, the expression used is
based on that suggested by Gopinath and Rankin [4], i.e.,
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for Vg > V4, i.€., the saturation region (1a)
and
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for Vg < Vpyn. (1)

In these equations, ¥, is the gate pinchoff voltage, I5ss the

drain-source saturation current, and R, the output resistance.
Vysn defines the boundary between resistive and saturation
behavior where
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