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Radiation From a Microstrip Amplifier

Tzyy-Sheng HorngMember, IEEEand Sung-Mao Wu

Abstract—A full-wave method is presented to investigate ra-
diation from a microstrip amplifier. The spectral-domain dyadic
Green’s function, which takes into account both radiatonand sur- - ' :
face waves, is used to formulate an integral equation. The method
of moments is then employed to find the current densities in mi-
crostrips and, subsequently, the scattering parameters of the am-
plifier. The radiated space and surface waves that are launched
from the amplifier can be further expressed in terms of the dyadic
Green’s function and current densities. To verify the numerical : :
results of scattering parameters and far-field radiation patterns, Topie Michosiin Btpit Micosin
a UHF-band microstrip amplifier matching with single stubs has Cireuitey : : Cireuitry
been implemented and measured. The comparison between simu- -~ -~ ...
lation and measurement shows excellent agreement.

Index Terms—Full-wave method, microstrip amplifier, radiation Bottom Ground Flane
loss, spectral-domain approach, surface-wave loss.

Fig. 1. GaAs MESFET die attached to the bottom ground plane of the
substrate.

I. INTRODUCTION

N THE PAST, space- and spectral-domain approacheg Lz Ry Ce Ry Ry La
applied to the electric-field integral equations (EFIES Il ’VW—’VW—’”\TO
[1]-[5] and mixed-potential integral equations (MPIES) [6]-[8] * Vot~ Cgs T Cye d
have been used extensively to characterize the microstt Rgs —— Cys
passive components. For analysis with an active componel
one can import the full-wave scattering-parameter results R;
a black box and cascade them with an active device mod
using a conventional microwave computer-aided design (CAL R,
tool. However, the RF parameters that can be evaluated are |
extended to radiation and surface-wave losses. Recently, n L
techniques based on the finite-difference time-domain (FDTLC S
method [9]-[11] have been reported in simulating microstrij =
active circuits. Although showing great potential in predicting
the electromagnetic interference, these new techniques Stigh 2. Small-signal equivalent circuit of a GaAs MESFET.
have difficulties in distinguishing between radiation and surface

waves. . . . -
In this paper, the spectral-domain approach applied to tﬂgferenuate between radiation and surface waves by examining

EFIE is formulated to investigate a microstrip amplifier thaf1€ir Plane-wave spectra [12], [13]. The losses due to radiation
comprises arbitrarily shaped junctions, vias, and a GaRhd s_urface waves are finally evaluated through a rigorous
MESFET. The three-dimensional metallization structure r&0YNting vector analysis.

quires a current segmentation scheme in the moment-method

procedure. It was found that, for microstrip structures, the Il. THEORY

use of 're'ctangular pa5|s functions, as propose.d' |n.[2], A Impedance Parameters for the GaAs MESFET Small-Signal
quite efficient numerically. After the current densities in th?{/lode

microstrip traces have been found, the scattering parameters

can be extracted. The spectral-domain EFIE formulation can be-ig- 1 shows a typical common source configuration for a

interpreted by superposition of plane-wave functions. One c&®As MESFET. For this device to function as an amplifier,
proper bias conditions need to be established. This determines

the values of intrinsic network parameters in the small-signal
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cuit are derived as
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B. Spectral-Domain Analysis of a Microstrip Amplifier

Input microstrip circuitry r Output microstrip circuitry
50-ohm line |—— 24 I 47 ~+ 50-ohm line
v e L
+ 3l Via Via 5 s
LS
2y ,_9
TN z=h 8
2 Via z=0 &
2 Ground / Ground N
=] MESFET Sk E
a 3
y £ by
o FR4 substrate ( €= 4.5, h = 1.2 mm) 2
x Cell dimension 0.316 mm x0.316 mm

Fig. 3. Layout segmentation for the matching circuitry of a microstrip
amplifier implemented on the top of the FR4 substrate.

conductors, the EFIE is generally written as

1 R R = 2
- /_Oo/_oo/ Glhy, by, 2, 2) - Tk, Ky, #)

cemIhemo=iMY g dk,, dk,

= Eexe(x,y, 2),  forz,y, zonthe conductor (12)

where@ and.J denote the spectral-domain dyadic Green’s func-
tion and Fourier transforms of the current densities, respectively.
Eexc is the impressed field due to the voltage excitation. When
the method of moments is used to solve the above equation, the
current densities in a three-dimensional metallization structure,
as shown in Fig. 3, are discretized into a number of rectangular
cells. Under this scheme, the surface current density on the mi-
crostrip lines is expanded by a number of rooftop functions,
whereas the vertically directed volume current density in a via
is approximated using a rectangular post [2], [5]. After trans-
forming into the spectral domain, the microstrip current densi-

ties can be expressed as

M
= Irn, -
T(ka, by, 2) = = (kas Ky)8(2' — h)

m=1 Y

N n
+> d'—ij;”(km, ky)6(z' — h)
n=1

K X
r ., Z —0.5h
= Gk, k)P [ =22
#3 g e h) (=)

(13)

where

2 — 2cos(k.d,) sin(k,d,/2)
K2, ky /2

e pikyym

j;n(kT’ ky) =
(14)
_ sin(kedz/2) 2 — 2cos(ky,d,)

Fig. 3 shows the design of the input and output matchingj;(kw ky) = cIkemn G ikyyn

circuitry implemented on the top of the substrate. The GaAs

Fia 2 K2d,

FET is placed on the bottom ground plane, as shown in Fig. 1. (15)

Its gate and drain pgds are wire bonded to the vias, whi.ch are sin(kyd,/2) sin(kyd,/2)
connected to the microstrip lines. In the spectral-domain ap'jz(kl" ky) = k)2 Ky /2
x Y

ejka: zy ejky Y

proach, the space-domain electric field can be expressed as the (16)
inverse Fourier transform of the vector product of spectral-do-
main dyadic Green’s function and the Fourier transform of the (u) = { 1, lul <1/2 (17)

current densities. Assuming that the microstrip lines are perfect

0, |ul>1/2.
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By substituting (13) into (12), it is found that the integratiorC. Evaluation of Radiation and Surface-Wave Losses
with respect ta:’ can be evaluated in closed form. This results Once the dyadic Green’s function and current densities have

in the spectral-domain expression of the electric field given 8§een found, in principle, the electromagnetic fields in all space

E?(k Ky, 2) can be determined. By referring to (18), the scattered electric
T field in the space domain due to the microstrip current densities

I = - .
:/ (ks Koy 2, 2') - J (kg iy, 2') d2' is expressed as
0 . 1 [=9] oo
Groalbins by, 2) i . Bile v, 2) = 1y / / Elks, ky. 2)
= | Gyalks, ky, 2) —— g ks, ky) o
sz(kaca kya Z) m=1 dy € kaxe Jkyy dkm dky (21)
[ Goy(kos by, 2)] N n The above expression includes both radiated space and surface
a (k. k YL b waves. The radiated space waves propagate upward from the
+ yy (b, Ky, 2) Jy( s ky) . .
a.. (kg Ky, 2) | n=1 e top of the substrate into free space. Therefore, for the variation
- e e - in the vertical direction, a traveling-wave functiem’/*:0 is
Cfm(kx, ky, 2)] K IF assumed and factored out. Note that the wavenuinkdnas to
+ | Gyalha, by 2) | Y 7 g Je(ker ky). (18)  be positive real. Thus,
_ézz(kxa kya Z)_ k=1 Y

, . k2o =ki— k2 — k. > 0. (22)
All the components of the spectral-domain dyadic Green’s func- o . _
tions in (18) can be found in [4]. For the excitation, an impressddie electromagnetic fields of radiated space waves in the free-

electric field in thez-direction is generated by a voltage sourcépace regiotiz > h) can be then characterized by the forms

across an infinitesimal gap near the edge of input microstrip line. 1 - e
An z-directed semi-infinite traveling-wave functionis alsoused ~ £r(#, ¥, 2) = Ep(ky, ky)e 7 =07
for current expansion in the output microstrip line to exclude the k2452 <k
effects of the reflected currents [1]. To deal with the active el- ihem ik g gk 23
ements, in Fig. 1, one can assume that the via connected to the "¢ ¢ » =y (23)
gate pad has a voltagt_e potentlglZ,y + 14212 vyith respect to . iV x E,,(a:, Y, 2)
ground, whereas the via connected to the drain pad has a voltage Ho(z,y, )= w0
potential equal tdqZ22 + 1,%2: . Thus, the electric field for ex- 1 ~ 5
itati i =— ko X E(ky, k,
citation can be approximated as Tom /[ 2 0 ( v)
Eexo(z, y, 2) = Vob(a — 25)T + [Ingl(w) + Ileg(w)] | kw'—l—ky<k0'
P <x — %) P <U - ya) 8(z)2 ro e ere Y dhy dly, - (24)
dz dy where
147 1,72 -
+ WaZoa() + Ly Zs ()] Fo = ka + kyfl + koo (25)

xr—T —
'P< ] d) P <y 7 yd) 6(2)2. (19) The radiation loss can be evaluated by integrating the corre-
“ Y sponding Poynting vector over an infinite plane<£ z,.) that
Substitute (18) and (19) into (12) and apply the method of Mg ahove and parallel to the substrate surface [12]. The integral
ments to convert the integral equations into a matrix form gived given as

as
1 S e = R
Zieidvorr Ziil s Ziddioson (L] P.= QRe /_Oo /_Oo E(z,y, zo)x H(z, y, 2)-2dz dy.
[ijjy] MXN I:ZJU»]U NXN Zj:jy]KxN [IU]N . ) . .. . (26)
Ziidvisr [ Zii [N V7 P L)y Supsututmg (23)and (24) into (26), the radlgtlon lossis found to
Vil _be independent of th(_a choicemfand can be finally formulated
_ [VZ]J\{ (20) in the spectral domain as
Vel __1 :
K P.=—— // ko |Er(ke, ky)| dk. dk,
Each submatrix on the left-hand side of (20) represents a set 8w K2 LR2 <k
of mutual impedances between expansion functions and testing 1 ’ .
functions. For the excitation submatrices on the right-hand side, — ——Re // E (ky, k)
since a delta function is assumed for each component in (19), 8w K2l 2
integrating over the testing functions yields nonzero elements e e
for [V,] and[V.]. It is noted that the submatri¥’,] contains . {EOE,,(I%, ky) - 7} dk, dk,. 27)

the transistor current coefficienfs, I, to be determined and
can be moved to the left-hand side before the matrix inversidie radiation patterns can be also computed from knowledge
is performed to compute all the unknown current coefficientsof the microstrip current densities. We can look upon the far



2008 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 8, AUGUST 2002

fields as the Fourier transform of aperture fields located above TABLE |
the substrate. This leads to the expressions of the radiation patPPTMZED QUANTITIES OF TESmLLT-sSGNAL EQUIVALENT-CIRCUIT
terns given as
> L, Lq L, R,
E4 0., ¢) =% - E,.(kosinf cos ¢, kosin 6 sin ¢) cos 6 sin ¢ 1.687 nH | 1.738 nH | 0.212 nH | 0.882Q
~ A . . . Rd R, Rgs Rgd
—§ - Ey(kosin b cos ¢, ko sinsin ¢) cos 6 cos ¢ 0362 | 0.313C | 35.7 MQ | 93 MQ
(28) R; Rgs Cys ng
= _ o 9350 | 590 | 0.536 pF | 0.072 pF
Ey(0, ¢) =2 - E,.(kosinb cos ¢, kosin 0 sin ¢) cos ¢ Ca Ca I pm
+ 4 - E (ko sin 6 cos ¢, ko sin 6 sin ¢) sin ¢. 0.14pF | 048 pF | 0.036Sie | 53 ps

(29)

Surface waves propagating along the substrate can be inve
tigated mathematically by the residue of the surface-wave pole
in (21). When expressed in polar coordinates, the surface-wav
electric field is written as

27

Esvv(pa ¢7 Z) = é]_ﬂ Z )\p /0 Esw()‘pv 1/), Z)
p

reTIAwreo(U=9) gy (30)

where
EjSW()‘pv P, z) = lim (A— )‘p)Ej()‘v P, 2) (31)
H,
_ 2 2 2
A=\/kI+EZ (32) .
= tan* k—y (33)
Note that),, represents thgth surface-wave pole in the expres- 25

sion of the spectral-domain electric field. Considering the far

fields, we use the method of steepest descent to obtain the fol- ] ‘i ) culated f h
IOWing asymptotic form: Flg. 4. Comparlson of the scatterlng parameters calculate rom the

small-signal equivalent circuit in Fig. 2 with measurements. —: measurement.
- J 7 Y
ESVV(p? ¢7 Z) ~ Z )\ ESVV()\ d) Z)C J Pp
\V/iz;F;5 P P b b
P

270°

- - - simulation.

in closed-form solutions for evaluating the integrals with respect

asp — 0. (34) " to0 ~ in the above equation. The surface-wave loss is finally cal-
It is clearly seen in (34) that the surface waves in the far fieflated by
behave as an outward-traveling cylindrical wave. The amplitude 2w
of the wave decreases as(!/2. The surface-wave far-field P, = Pow(¢) do. (37)

pattern can be further derived as 0

I1l. N UMERICAL RESULTS AND DISCUSSION

Psw(d)) :%Re / Esw(pv (/)7 Z) X H:W(pv (/)7 Z) : ﬁpdz
0 In the experiment, an NEC72084 GaAs MESFET was given
1 s T2 2 dc bias atVy, = 3 V andI; = 10 mA with the help of
~drwpug Z Ap /0 ‘ESW()‘P’ ¢ 2)| dz bias-T components. To ensure unconditional stability of the am-
P plifier, a chip resistoR;; = 48 €2 was connected to the drain
1 Z \ Re /°° E? s b, 2) pad. The two-port scattering parameters for the MESFET con-
p N SWATP v nected with 502 microstrip lines and bias-T's at input and
e output were measured on an HP8510C with a frequency sweep
. [/}’SWESW()\W b, 2) - ﬁ} dz (35) from 1to 3 GHz and then deembedded to the reference planes,
z = x4 andxz = x4, where the via's centers were located.
where These deembedded scattering parameters can be converted into
. 9 the MESFET’s impedance parameters directly. However, for
ksw = App+J £ z. (36) SPICE simulation applications, we developed an optimization
) procedure on HPEEsof’'s MDS to extract all the equivalent-cir-
Note that the dependence with respecttoeach component cyit element values, as listed in Table 1. It can be seen from
of E,, can be factored out as a harmonic function. This resulg. 4 that, in the frequency range of 1-3 GHz, the scattering

4w
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Fig. 5. Comparison of the simulated scattering parameters with measuremen
for the microstrip amplifier shown in Fig. 3. —: measurement.e: simulation.

Fig. 7. Surface-wave power patterns generated by the current densities in the
6 microstrip amplifier at the frequency of: (a) 1.9, (b) 1, and (c) 3 GHz.

5 [ — Radiation
[ == Surface wave

Loss / Pinc (%)
w
T

Frequency (GHz)

Fig.6. Simulated radiation and surface-wave losses normalized by the incide
power of the microstrip amplifier.

parameters calculated from the equivalent-circuit model agre .
quite well with the measured results. In the next step, we de
sign the microstrip amplifier with a maximum gain at 1.9 GHz
for personal communication service (PCS) applications. The
single-stub matching, as shown in Fig. 3, has been analyz
using the presented spectral-domain approach. As a result, 1
simulated scattering parameters for the microstrip amplifier at
demonstrated in Fig. 5. Comparison with measurements al:
shows excellent agreement. One can observe that, at 1.9 Gt
the amplifier is well matched and reaches a maximum gain ¢
13.5 dB.

The numerical results of the microstrip current densities in ©
(20) are further used to evaluate the radiation and surface-wé&ig 8. E- and H-plane radiation patterns for the microstrip amplifier
losses. Fig. 6 shows both losses normalized by the incid@RErtng at the frequency of: (2) 1.9, (b) 1, and (¢) 3 GHz.
power. It can be seen that maximum loss for both radiation and
surface waves occurs at 1.9 GHz. This can be explained by tadiation. Fig. 7 also shows the surface-wave power patterns
intensity of the microstrip current densities plotted in Fig. ®alculated from (35). Basically, the patterns point in the same
At 1.9 GHz, the microstrip amplifier reaches its maximundirection as the microstrip currents propagate. It can be clearly
gain and, meanwhile, has the most intensive current density found that, at 1.9 GHz, the-directed current density dominates
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[4]

(5]

(6]

Fig.9. Comparison of the simulated co-polarized far fields with measurementsl’]
in the E-plane. —: measurement. - - -: simulation.

(8l
and the surface-wave pattern pointspat 0°. When the am-
plifier is not matched, say, at 1 and 3 GHz, the corresponding
current densities become much less intensive inctdeection. [0
This makes the current densities in the microstrip stubs along
the y-direction play an important role to tilt the surface-wave
pattern. Similar explanations can be applied to the radiatiobtOl
patterns in Fig. 8, which are calculated from (28) and (29).
Since the current density concentrates in thdirection at  [11]
1.9 GHz, it is reasonable to find that the co-polarized field is
larger by at least 10 dB than the cross-polarized field in both
the E- and H-plane. However, for the mismatch situations at 1[12]
and 3 GHz, they-directed current densities become relatively
strong, raise the cross-polarized fields, and tilt the radiation
patterns. To verify the theoretical results, we have measured thes]
FE-plane co-polarization patterns for the microstrip amplifier
operating at 1, 1.9, and 3 GHz, respectively. Fig. 9 shows both4]
calculated and measured patterns, which are normalized by the
maximum co-polarized field intensitiZ, (¢ = 0) at 1.9 GHz.

As predicted, good agreement has been found.

IV. CONCLUSION

A full-wave method has been presented to analyze radiati
from a microstrip amplifier. A small-signal equivalent circuit of
a GaAs MESFET has been incorporated in the spectral-dom
EFIE formulation. The method of moments is applied to sol\
for the current densities distributed on the microstrip amplifie
These current densities cannot only determine the scattering i
rameters of the amplifier, but can also evaluate the losses due
to radiated space and surface waves launched from the ampl
fier. Across the measured frequency range, the radiation loss
dominates over the surface-wave loss. In addition, both losses
increase with the intensity of the microstrip current densitie
This explains why maximum losses have been observed wt
the microstrip amplifier is well matched.
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