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Electromagnetic Analysis of Plane Wave Illumination
Effects Onto Passive and Active Circuit Topologies

E. S. Siah, J. L. Volakis, Fellow, IEEE, D. Pavlidis, Fellow, IEEE, and V. V. Liepa, Life Member, IEEE

Abstract—In this letter, the finite element-boundary integral
method, incorporating the multilevel fast multipole method to
reduce the storage cost of the boundary integral matrix, isapplied
to the analysis of two microstrip filter circuits illuminated via a
plane wave. Simulated results indicate that significant voltages
are induced across the output ports close to filters' resonances.
Thisstudy isfurther extended to a microstrip low-noise amplifier
circuit. It will be shown that at certain field strengths, the plane
wave illuminating the microstrip amplifier circuit can introduce
considerable gain deviation and nonlinearity to its operation.

Index Terms—Boundary integral, electromagnetic compati-
bility/interference (EM C/EM1), finite element, harmonic balance
method, method of moments (MoM).

I. INTRODUCTION

ITH the uptake of wireless devices and services, theim-

pact of electromagnetic (EM) coupling and interference
on active circuits exposed to ambient radiation is of increasing
concern. This interference can be intentional or unintentional
and could result in adistortion of the output signal for analog de-
vicesandindigital circuit logic errorsleading to improper func-
tionality of digital systems. In recent years, various numerical
tools such asthe method of moments (MoM), thefinite-element
method (FEM), and the finite-difference time-domain (FDTD)
method have been applied to the analysis of electromagnetic
compatibility (EMC) and electromagnetic interference (EMI)
problems. Of particular interest is the use of the MoM coupled
with the multilevel fast multipole method to the analysis of com-
plicated structures resulting in O(NlogN) computation cost. In
this letter, we employ the hybrid finite element-boundary inte-
gral (FE-BI) method for theanalysisof EM coupling from an ex-
ternal plane wave on two passive circuit elements (a microstrip
interdigital filter and a coupled microstrip line filter). Also, an
external planewaveisused to illuminate the peripheral circuitry
of alow-noise amplifier (LNA) circuit to generate the induced
voltages at the gate and the drain terminals of the LNA. These
input voltages are model ed as extraneous sourcesin conjunction
with the harmonic balance method to evaluate the distortionson
the gain and the degree of nonlinearitiesintroduced on the LNA
by external coupling. It is shown that significant interference on
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Fig. 1. Vaidation of the FE-BI method for computing the electric field
shielding (EFS).
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the device operation can be caused by this excitation. To the au-
thors' knowledge, this is the first time full wave methods have
been used to evaluate the influence of external EM interference
on the performance of an active circuit. It isworthwhile to note
that in [7], the authors have utilized time-domain integral equa-
tions in the analysis of idealized perfectly electrical conductor
(PEC) motherboard geometries.

Il. VALIDATION OF ANALYSIS METHOD

The pertinent analysis method used for our analysis in this
letter is the FE-BI method. This approach is a hybridization of
the FEM used to model the interior volume of the geometry
and the moment method for modeling the fields on the geom-
etry boundary [1]-{3]. The employed FE-BI approach utilizes
curvilinear hexahedral rooftop basis functions and curvilinear
bi-quadratic rooftop functions for surface modeling [4]. Also,
the multilevel fast mutlipole method (MLFMM) isincorporated
for the fast implementation of the matrix—vector product asso-
ciated with the boundary integral portion of the FE-BI system
matrix [5]. A pertinent validation examplefor the FE-BI method
and the associated code used here is given in Fig. 1, where the
electric field is computed at the center of the enclosed cavity.
The cavity is perforated with an aperture and the excitation isa
plane wave polarized in the ¢ direction, incident normal to the
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Fig.2. (@) Induced voltagesat the 50 2 ports dueto plane waveillumination at
normal incidenceto the substratefor aninterdigital microstrip filter. (b) Induced
voltages at the 50 €2 ports due to plane wave illumination at hormal incidence
to the substrate for a coupled line microstrip filter.

aperture. The FE-BI computed EFS (defined in Fig. 1) showsex-
cellent agreement with both measured and reference simulations
based on FDTD [6] and MoM accelerated by MLFMM. Details
of therelevant formulation of our FE-BI method are giveninthe
Appendix.

I1l. SIMULATION RESULTS

To quantitatively evaluate coupling effects from external
sources on passive devices, we consider two microwave de-
vices shown in Fig. 2(a) and (b). These refer to a microstrip
interdigital filter and a coupled microstrip line filter. These
filters are subjected to an external plane wave illumination with
a spectrum wider than their operational bandwidth. For this
computation, the output and input ports are terminated with
50 2 loads and the induced voltages (analyzed with the FE-BI
method) are computed across these ports. With the incident
plane wave intensity at 1 V/m [and polarization defined in
Fig. 2(a) and (b)], we observe an induced voltage of 3.65 mV
and 13 mV at the outputs of the interdigital and the coupled
microstripline filter, respectively. These values refer to the
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Fig. 3. Gain variations due to the plane wave illumination onto the substrate
of the low noise amplifier circuit.

Drain

peaks of the response curves shown in Fig. 2(a) and (b) and,
as expected, occur close to the designed resonance of the
microwave filter circuits. Clearly, such coupling distortions can
be significant for excitations with rather large field strengths.
Specificaly, if an excitation of 100 V/m is considered, the
maximum output voltagesrisesto 0.365 and 1.3 V, respectively.
These are significantly high to cause logic state errors and
distortion at both the input and output terminals of digital
devices and analog circuits respectively.

The above analytical study was next applied to theanalysis of
alow noise amplifier operating with again of 11 to 12 dB from
81012 GHz. For thisanalysis, the dimensions of the field effect
transistor (FET) meta regions are much smaller than a wave-
length. Thus, the input impedances looking into the gate and
drain terminals of the FET can be modeled as lumped |oads at-
tached to the respectiveterminals of the LNA. Theseload values
varies with frequency depending upon the FET characteristics
and geometry of the circuit at the opposite port. The geometry
of the LNA is shown in the operational bandwidth of the LNA
were considered. Inthisexample, the LNA ison asubstrate with
apermittivity of 9.7 and usesaGallium Nitrite (GaN) high elec-
tron mobility transistor (HEMT) device. Thegain of the LNA is
defined astheratio of the voltage at the output port and the input
ports, with the latter fixed at 10 mV. Fig. 3 and, in this case, a
plane wave, illuminates the entire circuit at normal incidence.
For our study, an x-polarized wave was assumed for excitation
and various amplitude levels within the operational bandwidth
of the LNA were considered. In this example, the LNA ison a
substrate with a permittivity of 9.7 and uses a GaN HEMT de-
vice. The gain of the LNA is defined as the ratio of the voltage
at the output port and the input ports (input fixed at 10 mV).
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Fig.4. Gainwithinduced voltagesat the (a) gate only and at the (b) drain only. Also in thisfigure, gain with random phase perturbationsintroduced to theinduced

gate voltages (a) and to the induced drain voltages is shown.

Induced voltages at the gate and drain terminals of theHEM T
are first computed with the FE-BI method under plane wave
illumination. Next, these voltages are modeled as extraneous
sourcesin asingletone harmonic balance simulation to evaluate
its effect on the LNA performance. The values of input driving
voltages and amplitudes of the external plane wave were im-
plicitly chosen such that the HEMT operates within the linear
region, which istypical of most LNA devices. Asthe amplitude
of the plane wave is increased, the LNA gain distortion is in-
creased (Fig. 3).

Specifically, our analysis shows that as the plane wave inten-
sity isincreased, the LNA gainisincreased at |lower frequencies
and subsequently decreases as frequency isincreased. Thisgain
deviationisexplainedin Fig. 4, wheretheinduced gateand drain
voltages are modeled separately. In this study, either one of the
induced gate or drain voltages is used with the other neglected.
This allows the effect of each induced voltage on the LNA per-
formance to be analyzed. In Fig. 4, a similar distortion in the
LNA gain is observed when the amplitude of the plane wavein-
creases throughout the frequency range. However, a phase per-
turbation either at the induced gate or drain voltages resulted in
asignificantincreaseinthe LNA’sgain. Thisobservation allows
usto assert that the decrease in LNA gain at higher frequencies
is not due to saturation of the HEMT. Instead, the deviation of
the LNA gain from the designed gain is due to coherent addi-
tion or subtraction of the voltage signals at the gate and thedrain
terminals of the HEMT. When this LNA is connected to dig-
ital circuits, such EM interference may result in bit errors at the
output terminal, leading to improper functionality and change
of the device logic state.

A study on the degree of nonlinearity introduced to the LNA
circuit is performed next. In this study, the LNA operates at 10
GHz (f1) while, at the sametime, a9.5 GHz (f3) external plane
wave with the same orientation and polarization as before illu-
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Fig. 5. Diagram showing the introduction of nonlinearity into the low-noise
amplifier circuit operating at 10 GHz with plane wave illumination at 9.5 GHz.

minatesthe LNA circuit. Similar to above, the induced voltages
are computed at the gate and drain terminals of the HEMT at
frequency f>. These voltages are in turn modeled as extraneous
voltage sources with the LNA operating at f;. A two-tone har-
monic balance simulation using these induced voltage sources
allows one to examine the third harmonic content (IP3) of the
LNA circuit. Ideally, this should be zero for alinear amplifier in
the absence of ambient radiation. The IP3 simulation is shown
inFig. 5where we compare the LNA output power at the funda-
mental (1) and the third harmonic (2 f; — f2) for various input
power levels. The incident plane wave amplitude was kept at
50 V/m. As seen from Fig. 5, the introduction of high-power
plane wave illumination lead to significant nonlinearitiesin the
LNA circuit, which now exhibits athird order inter-modulation
product of 40 dBm. In addition, the third-order harmonic con-
tent for the LNA under illumination is now significantly higher
compared tothe LNA operatinginisolation. That is, the external
illumination introduces significant nonlinearities as compared
to an isolated (hardened) device.
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IV. CONCLUSION

We applied the hybrid FE-BI method to the analysis of am-
bient radiation onto passive and active circuit topologies. The
simulated results indicate that passive microstrip interdigital
and coupled microstripline filters could exhibit significant
induced voltages at frequencies close to their designed reso-
nances. When such periphera circuits are connected to active
devices such as amplifiers and oscillators, significant nonlin-
earities, and gain deviations are introduced. This can have an
effect on the entire device performance and can furthermore
cause logic errors when digital circuits are considered.

APPENDIX

In the formulation of the FE-BI incorporating curvilinear
hexahedral elements, the fields within a volumetric domain is
solved by setting OF (E)/OE = 0, where the function F(E) is

F(E):%/[(V><E)~ﬂ;1-(V><E)—k(2)E-§T-E]dr

—iko’l]o / - (E X H)dT (l)
JS

where ji,- and &,. are the tensor permeability and permittivity of
theinhomogeneous medium, k& and 7, are the wavenumber and
thecharacteristicimpedanceinfreespace. Theboundary integral
istakenalongthesurfaces bounding thevolumev andthenormal
of this surface is taken pointing outwards from the volume v.
The E field can be related to the H field by using the Stratton
Chu’sintegral equations and, upon discretizing (1), leadsto

E’U’U E'Us 0 E’U bL
E,, Eis B Es | =] bs 2
o P Q| |H, be

By / IV x ;- finV X €5+ / dre; & e (3)
Bji=ikono / dre;-(n x hy) 4
Pji:[dr(ﬁxhj)~[—on(ei><fz)+(1—a)®(eixﬁ)] )
jS:n; /dr(ﬁxh])-[a@(ﬁ X hiHH1 — )07 x hi)] (6)

b =« /dr(ﬁ x hj)-E™e

+(1-0) /dr(ﬁ x hj)-H™ @)
@(X):ikg/dr'é(r, X (r') (8)
QX)=TY (r) + /dr'X(T’) x Vg(r,r") 9)

whereT = 1—g/4m and X = nxY . Theparameter « indicates
the combined field integral equation (CFIE) factor, chosen from
zero to unity. The vector E,, refers to the electric fields within
the volume of the geometry whilethevectorsE, and H, refer to
the fields along the surface of the boundary and b;, b denotes
internal port or antenna feeds
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Fig. 6. Geometry of acurvilinear hexahedral element.

or or or
Gy =5~ GU=o- Gw= oo (11
a" = V—+(av X () a’ :%(aw X @y,) (12
a’ = i(au X @) Vi =@y - (ay X ay). (13)
Vi

The basis and testing functions are chosen as the 12 edges of
the curvilinear hexahedral element (Fig. 6). The representation
of each of the 27 pointsin u, v and w spaceisgivenin (10) and
the covariant and contravariant notaions are given in (11)—(13).
Each of the 12 basis and testing functions are thus given as

u v _ w

e1 =vwa" ez = (1 — v)wa" e;

5 = uwa’ eg = uva
ez =v(l —w)a* ey = (1 —v)(1 —w)a" ez = u(l — w)a’
e6 =(1 —u)wa’ es = (1 —u)(1 — w)a’ ey = (1 — w)va®
e11 =u(l —v)a” er2 = (1 —u)(1 —v)a”
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