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Resonant Frequencies of Rectangular
Microstrip Antennas with Flush and
Spaced Dielectric Superstrates
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Abstract—This paper presents a predictive model for the to describe the rectangular structure’s effective permittiv-
resonant frequencies of rectangular microstrip antennas with ity, while Verma et al. [2] combined a similar variational
flush and spaced superstrates. This closed-form model is suit- technique with a transmission line model for the covered
able for CAD and is directly applicable for the integration of -
microstrip antennas beneath plastic covers or protective dielectric rectangular anfcenna. Shavit [3] and F_an and Lee [4] presentgd
superstrates in portable wireless equipment. The model utilizes SPectral domain analyses that examine the resonance and in-
conformal mapping and the concept of equivalent capacitance put impedance characteristics of covered microstrip antennas.
to determine the effective permittivity of a covered microstrip  \lerma and Rostamy [5], Damiano and Papiernik [6], and
structure. A comparison between calculated and measured reso- Damiano et al. [7] also proposed modified Wolff models
nant frequencies demonstrates that the model provides less than : . . . .
19% errors for structures with low relative permittivities ( =, < 3) [© calculate the resonant frequencies of various microstrip
and slightly higher errors for structures that contain higher —Structures. Pozar [8], Mosig and Gardiol [9], Michalski and
permittivity materials. Generally, the model predicts the resonant Zheng [10], and Ramahi and Lo [11] applied a method
frequency of a spaced superstrate structure as accurately as of moments approach to calculate antenna resonant charac-
possible within the tolerance range of the structure’s electrical teristics. Also, Bhattacharyya and Tralman [12] developed
and physical parameters. S . . ;

empirical relationships between the antenna’s resonant fre-

Index Terms—Microstrip antennas, resonant frequency, super- quency, input impedance, and superstrate thickness through

strates. experiment. All of these efforts produced reasonably accurate
results. However, none of these formulations are appropriate

for direct integration into a computer-aided design (CAD)
[. INTRODUCTION package due to their often high computational cost and com-

ICROSTRIP antennas are becoming a popular choilexity. Additionally, none account for any intentional or

M for a range of portable wireless equipment since thajpintentional air gaps between the antenna and the super-
are light weight, low cost, and straightforward to desigrflrate.
Increasingly, however, these applications require that the anUniquely, Afzalzadeh and Karekar [13] have considered
tenna(s) be placed out of the sight of the consumer, benetif effects of a spaced dielectric superstrate on a microstrip
plastic covers or protective dielectric superstrates. Placem@afch antenna. They concluded that the spaced superstrate has
of such a dielectric cover over a microstrip antenna shiffegligible effects on the resonant characteristics of the antenna
the antenna’s resonant frequency by changing the effect®@ long as the air gap between the patch and the superstrate
permittivity of the microstrip structure. Microstrip antennads at least a free-space wavelength. However, such large
designed without consideration of these frequency shifts wilPacings between antennas and superstrates in an integrated
not perform as expected once installed in a portable unit. Portable package such as a handset or portable computer are

Several researchers have addressed the effect of diej@yoractical. Moreover, the authors report considerable shifts
tric covers on effective permittivity and microstrip antenn# resonant frequency for air gaps on the order of a tenth of
characteristics, particularly resonant frequency. Behlal. @ free-space wavelength.

[1] utilized a variational technique in the Fourier domain This paper develops accurate design equations that predict
the resonant frequencies of rectangular microstrip antennas

with both flush and spaced dielectric superstrates. These
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perstrate. In a manner similar to these researchers, we utilize
conformal mapping and the concept of equivalent capacitance
to determine the effective permittivity of a covered microstrip
structure. This work includes the development of new filling
fractions that rectify inconsistencies in previous work as well
as the new arrangement of these filling fractions to reflect
the true configuration of the electric flux in the multilayer
structure. Our method predicts the resonant frequencies of
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covered antenna designs with accurate results for a wide

spacings.

range of antennas, substrates, superstrates, and superstrate JZ(
The resonant frequency model presented here, which in- ht

NN \\\\\\\
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cludes an uncertainty analysis that incorporates the variabil-
ity of electrical and geometric parameters, can be used to
specify both electrical and physical design tolerances for
integration of planar antennas into portable wireless equip-
ment. The following section outlines the formulation of the
model, including the filling fractions, effective microstrip line
width, and effective permittivity of the resonant structure.
Section Il presents measurement and predicted resonant fre-
guency data. Finally, Sections IV and V discuss the accuracy,
uncertainty, and applicability of the new resonant frequency
model.

(@

Il. FORMULATION
(b)

A. Effective Filling Fractions
The structure under investigation is shown in Fig. 1(a),

plane to the complex flux-potential plane ¢ = u + jv).
The degree of filling or filling fractiong; of each of the

with w/h > 1 (wide microstrip line), which is consistent S &
; : : i : r3

with the configuration of a rectangular microstrip antenna N Q N /

with a dielectric superstrate. Stiaa [16] conformally maps h S1 €4

this three layer structure, including the dielectric boundaries, S Ero

using Wheeler's [15] transformation from the physical N 2 / U
Wer
2

dielectric materials in the; plane is defined by the ratio
of the area occupied by each individual dielectfig (with

i =1, 2,3, ---) and the entire area of the cross sectfn.

Fig. 1. (a) Top view and cross section of the general microstrip antenna struc-

These areas are depicted in Fig 1(b) Sna's equations ture under consideration. (b) Conformally mapped distribution of dielectric
’ ) materials between equivalent parallel plate configuration with region of note

for the fiII_ing fractions ¢; are provided for ref_eren(_:e_‘ ASenclosed by dotted line. (c) Approximate distribution of dielectric materials
(1)—(3), with ¢1, ¢2, and g3 equal to the effective filling between parallel plates as presented in [16] and [17].

fractions of the substrate dielectric (relative permittivity),
the superstrate dielectric (relative permittivigy,), and the gng
dielectric material above the superstrate (relative permittivity

er3), respectively

=5 Wy

We . Ve T
Q1=§—1=1—2h ln(]zwef—l) (1) o hf he 1 Ve T +Sm(5 E)
C wef (2 Tl = — — _|_ —
So 1h—uwv < h 2) 2 h
QQIS—C=1—Q1—§ wer 3)
cos (E Z) Note that Svéina’s filling fraction ¢y is denoted bygs in
s ln |1 Yef 2 h this discussion. This notation change reflects the more general

(2)

results presented in this work for structures that have a spaced
superstrate or a dielectric material other than air above a flush
superstrate. In these equations, the effective line width
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taken from [18] is equivalent parallel plates. The previously proposed filling
fraction arrangement shown in Fig. 1(c) does not account for
2h w . . . .
wep=w+ — ln [17.08(— + 0_92)} (4) this region. Therefore, the new model utilizgs to provide
& 2h detail in a new dielectric distribution shown in Fig. 3 that
and the quantityv, is accounts for these series combinations (discussed further in
Section 1I-C). This analysis ignores the material above the
9 h spaced superstrate.
Ve = — arctan % <—2 — 1) (5)
T DXl 9\ h
2 h B. Effective Line Width

Both [16] and [17] calculate the effective permittivity of the The expression for the effective line width (4) used in both
wide microstrip line based on the approximate capacitance[@6] and [17] does not take the presence of the superstrate
an equivalent parallel-plate structure with the filling fractiondielectric (flush or spaced) into account. The new methodology

arranged as shown in Fig. 1(c) as presented here utilizes a two-iteration procedure to calculate
the new effective line width in the presence of a flush or spaced
(1—q)? superstrate using the following equation derived from those

Eoft = Er1q1 + Er2 el —q1— @) + ¢ (6) presented in [15]

assuming that the material above the flush superstrate has a ;

. e ; . he], —1
relative permittivity equal to one. (Note that while Zhong'sw.; = Er [w + 0.882h 4+ 0.164 (E’/—Q)}
et al. [17] adaptation of Suv@Ena’s formulation addresses a Eetl (e7)
. . . . . . ! !
microstrip structure v_wth. multilayer substrates in agdm_on to 4.5 h(e; J/r 1) [ln (ﬂ + 0.94) + 1.451] 9)
superstrates, its application to the structure shown in Fig. 1(a) Cem e 2h

produces results identical to those given in [16].)
Both [16] and [17], however, ignore the behavior of the, (9), £, is the relative permittivity of an ideal single-

filing fraction expressions in the limit when there iS nq hstrate microstrip structure that mimics the behavior of the

superstrate. In this caséy = %, ve gO€s 10 Z€ro, andz  4cq5| multilayer structure under consideratignis calculated
should also go to zero. Howevep, as given in (2), does not ,sing (11) presented in the next sectieg; is the composite

go to zero in this limit, indicating that the models developegeactive permittivity of the multilayer structure.

in both [16] and [17] overestimate the filling fraction of the Ag gn approximation, the first iteration far, ; assumes that
superstrate (or the air gap in the case of a spaced superstr&;% er1 andeqy ~ ... ONCeeeyr ande’. are determined using
in all situations. We rectify this inconsistency by introducinghis first value ofw, s, (9) is used to calculate the effective
a new filling fractiong, that is equal to half the value @b jine width a second time. This new value af ; is used in

in the limit whenhy = h. Therefore the calculation of the effective open-line length extensiah.
Our work indicates that additional iterations of this calculation
h - h loop result in insignificant changes in effective permittivity
= - — . 7 i
%= Sy <2 2w€f> (7) and predicted resonant frequency.

The adjusted set of filling fractions calculated with this new
effective line width are next arranged between an equivalent
Additionally, this new filling fraction is used to modify two of parallel-plate capacitor configuration to obtain the effective
the existing filling fractions, withy (new) andgz(new) now permittivity of the microstrip structure shown in Fig. 1(a).
given by

C. Effective Permittivity

q(new) =q1 — qu In one of his classic papers on the subject, Wheeler [15]

g2(new) =1 — gi(new) — gz — 24 (8) states that “.. the conformal mapping of a boundary be-
tween two dielectrics is valid because it retains the angles of

‘refraction’ of the electric field at the boundary.” However,

with g3 given by (3). characterization of multilayer dielectric structures requires
This alteration of filling fraction expressions more accumore than correct mapping of the dielectric boundaries for
rately reflects the distribution of dielectric materials as showRe calculation of the effective permittivity of the structure.
in Fig. 1(b). First,g2(new) goes to zero in the limit when thereSpecifically, the paths of the electric flux should be reflected
is no superstratéh, = h). Second, the creation @f, and the as accurately as possible in the arrangement of the filling
subsequent new expressions fg(new) andg.(new) allow fractions between the conductors of the equivalent parallel-

the model to include an important region of the conformallate capacitor configuration.

mapping that contains the substrate, air gap, and superstrat€herefore, the arrangement of the new filling fractions
[indicated by dotted lines in Fig. 1(b)]. In this region, alWwithin the equivalent parallel-plate structure is intended to
three materials appear in series combinations between thpresent the paths of electric field flux in the actual structure
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\\\ N \\\ As noted in [17], calculation of the effective permittivity of
\\gT N the structure in Fig. 1(a) using (10) allows consideration of the
&r3

structure as an equivalent microstrip configuration with a semi-

infinite superstrate with relative permittivity equal to unity and
/ f\\ &2 a single dielectric substrate with relative permittivity equal to
3 / h, [19]
]’11 87'7 / 2eeg — 1+ A
= — 11
= X el 8’I 1 + A ( )
z where
Fig. 2. Description of predominant electric flux paths present in a microstrip 107 —-1/2
antenna structure with a flush or spaced dielectric superstrate. A= <1 + L) . (12)
We f

Equation (12) is accurate withiti2% for all values ot’. [19].

D. Resonant Frequency

The resonant frequency of a rectangular microstrip antenna
[shown in Fig. 1(a)] is given by [1]

C

Jr= 2(L+2AL) /et

with ¢ equal to the speed of light in vacuurh,equal to the

length of the antenna, and L equal to the effective open-

line length extension. Following [17], the effective length

o3 p 4 filing fracti i culation of effect extensionAL is calculated using formulas presented in [20]

s g racto angement for secuston oL 15t < given by (1) used in place of,. AS discussed in

region to the extreme rightS1,=,2) reproduces the capacitive effect ofthe previous section, the effective antenna width is calculated

elfeﬁtricl TJX Path 1tt Tthe regilortl f?ontainir%z(srz)ﬂ?nd a thrFion (lsz34t fusing (9). Since frequency dispersion in general decreases

et o i 5 T o (on - o o oyl Incréased conductor width In microstp configuratons,

Ss(zr3), Sa(er2), and a portion ofS, with relative permittivity equal to dispersion calculations were not included in this formulation.

1 reproduces the capacitive effect of electric flux Path 3. Zhong et al. [17] take dispersion into account using expres-
sions given in [21]. Our investigation has shown that this
procedure often results in a calculated resonant frequency that

as closely as possible. As shown in Fig. 2, the flux lines & more inaccurate than that calculated without accounting for

the electric field can follow, in general, three different kinddispersion.

of paths. Path 1 represents the flux that remains within the

substrate of the structure. Path 2 represents the flux that exists I1l. EXPERIMENTAL DATA

strictly in the superstrate and substrate or, in the case of 35everal sets of measurements of rectangular patch anten-
spaced superstrate, the flux in the air gap and the substrﬂ

i ) s rﬁs with flush and spaced superstrates are presented to test
Finally, Path 3 represents the flux lines that extend into t e accuracy of the resonant frequency model developed in
material above the superstrate or above the air gap.

ousl 4 filling fracti ¢ sh 'S&ction 1. In general, the resonant frequency is defined as
préviously proposed 1iling fraction arrangement Shown i, o frequency at which the input impedance is purely real

F_ig. 1(c) does not account for the Cgpacitive contriputions 2]. However, researchers commonly use either minimum
either Path 2 or Path 3. Preservation of the flux line pat Sturn loss [12], [23] or maximum input resistance [24],

resuls in the new flll!ng fraction arrang_ement (V\_”m N 1[25] to indicate antenna resonance. In the case of microstrip
5i/Sc for each dielectric block) shown in Fig. 3. Derivation of, o hha¢ with substrate thicknesses less than 0XQ8[P5],
the effective permlt_'uwty;seﬂ, O.f the equivalent parallel-plate measurements using the three resonant frequency definitions
structure depicted in Fig. 3 yields usually provide similar results. All of the antennas used in this
study have thin substrates « 0.0815 X,).
cer =&p1q1 +&p1(1 — ql)2 For antennas with flush superstrates, antenna dimensions
X [€25G2q3 + er2era(q2qa + (g3 + q1)?)] and fr_equency measurements: _are.taken from [12], whiph uses
% (25000301 + £11(6r203 + €r3a2)(1 — @1 — q1)? the minimum return loss specification of resonance. This data,
! o1 as well as the calculated resonant frequencies using the present
+er2era0a(g2qa + (g3 +92)7)] (10)  method and Zhong'st al. comparable closed-form model [17]
are provided in Table I. Percentage errors use the measured
This expression for the structure’s effective permittivity caresonant frequency as a reference.
now be used to predict the resonant frequency of rectangulaFor antennas with spaced superstrates, new resonant fre-
microstrip antennas with flush or spaced dielectric superstratggency measurements were performed using an HP 8753C
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TABLE |
COMPARISON OF EXPERIMENTAL RESONANT FREQUENCIES FORRECTANGULAR MICROSTRIP ANTENNAS WITH FLUSH SUPERSTRATES
From [12] wiTH PREDICTED VALUES OBTAINED WITH THE CLOSED-FORM MODELS PRESENTED IN[17] AND IN THIS WORK

Cover thickness f. Exp. [17] Method Present Method
ha — h [mm] [GHz] | fr Calc. [GHz] % Error | f, Calc. [GHz] % Error
3.18 3.104 3.111 0.22 3.098 0.20
6.36 3.025 3.092 2.23 3.077 1.72
9.54 2.980 3.078 3.30 3.064 2.83
12.72 2.955 3.067 3.80 3.056 3.42

L=28.5 mm, w=33.0 mm, h=3.18 mm, ¢,1 = g,20 = 2.32, £,3 =1.0

TABLE I
COMPARISON OF EXPERIMENTAL RESONANT FREQUENCIES MINIMUM RETURN LOSS (S11) FREQUENCIES AND THEORETICALLY PREDICTED RESONANT FREQUENCIES
FOR A RECTANGULAR MICROSTRIPANTENNA WITH VARIOUS SPACED DIELECTRIC SUPERSTRATES THE UNCOVERED ANTENNA RESONATED WITH A
PURELY REAL INPUT IMPEDANCE AT 2.965 GH. THE CALCULATED RESONANT FREQUENCY USeEs THENOMINAL VALUES OF ALL ELECTRICAL
AND GEOMETRIC PARAMETERS. THE RESONANT FREQUENCY UNCERTAINTY (A f) Is CALCULATED USING THE APPROPRIATEPERMITTIVITY
TOLERANCES AND THE FOLLOWING GEOMETRIC TOLERANCES AL = Aw = £0.02 mm, Ah = £0.05 mm, A(hy — k) = £0.1 mm

Air Gap Erg Exp. |GHz] Present Method [GHz]
ho —h [mm] f-r f(mln S]l) fr Calc. Af
3.50 233+ 0.02 | 2.940 2.935 2.937 +0.025
7.50 233 +0.02 | 2931 2.938 2.946 +0.025
12.80 233 £0.02 | 2.948 2.947 2.952 +0.025
3.50 294 +£0.04 | 2.949 2.939 2.930 +0.026
7.50 2.94 +0.04 | 2.940 2.940 2.943 +0.025
12.80 294 £ 004 | 2.954 2.948 2.951 +0.025
3.50 10.20 + 0.25 | 2.922 2.926 2.891 +0.027
7.50 10.20 £ 0.25 | 2.905 2.932 2.925 +0.026
12.80 10.20 £ 0.25 | 2.954 2.943 2.944 +0.025

L=28.6 mm, w=36.7 mm, h=1.52 mm, ¢, = 2.94 + 0.04, £,0 = 1.0

vector network analyzer. For these cases, all of the antennas TABLE Il

were probe-fed, with specific feed points determined using COMPARISON OF EXPERIMENTAL RESONANT FREQUENCIES MINIMUM

h d . . 26] f tennas with no superstrat RETURN L0Ss (S11) FREQUENCIES AND THEORETICALLY PREDICTED
the procedure given in [ ] or an wi up 6FQESONANT FREQUENCIES FOR ARECTANGULAR MICROSTRIP ANTENNA WITH
present. Tables Il and Ill present the antenna parametersyarious Spacep DIELECTRIC SUPERSTRATES THE UNCOVERED ANTENNA
measured resonant frequencies (defined by pure|y real inputRESONATED WITH PURELY REAL INPUT IMPEDANCE AT 3.508 GH:. THE

. d d .. t loS f CALCULATED RESONANT FREQUENCY USES THENOMINAL VALUES
Impe ances)v measured minimum return Slx requen- OF ALL ELECTRICAL AND GEOMETRIC PARAMETERS. THE RESONANT

cies, and the results of predictions using the model develope@requency UNCERTAINTY (A f) i1s CALCULATED USING THE APPROPRIATE
here Measured frequenc|es for mlnlmum return |0Mn PERMITTIVITY TOLERANCES AND THE FOLLOWING GEOMETRIC TOLERANCES

S11)) differ from purely real input impedance frequencigs)( ~ ~© = & = £0.02 mm, Ak = £0.1wm, A(hy — k) = £0.1 mm

by less than 0.41% on average. Zhongtsl.[17] formulation At Gap P Fxp. [GHe] Present Mothod |CHz]
is not used for comparison in Tables Il and Il since it does _fe—# inm] Jr__ flmin Sy) | fr Cale Af

not explicitly account for spaced superstrates. 338 2‘§§ i 88; gjg? gigg gj‘;’g 18_8;?;‘;
12.80 233 £ 002 | 3505  3.523 3.486 +0.035
3.50 2.94 + 0.04 | 3.468 3.475 3.436 =0.036
7.50 2.94 4 0.04 | 3.466 3.492 3.463 +0.035
12.80 2.94 + 0.04 | 3.503 3.517 3.483 30.035
IV. DisCUsSION OFMODEL PERFORMANCE 3.50 10.20 £ 0.25 | 3422 3.400 3.361 +0.039
. 7.50 10.20 £ 0.25 | 3.440 3.451 3.431 +0.036
The measured and_ predicted values of antenna resonant 15e0 10201025 | 49 3523 3470 +0.035
frequency presented in Tables I-lll demonstrate the typical =™ 7=22.7 mm, w=30.6 mm, A=3.05 mm, £,; = 2.04 & 0.04, £,5 = 1.0

accuracy of the model presented here. In the case of flush

superstrates, our model and that of [17] produce similar results

with the added benefit of computational simplicity over many

of the full wave analyses described in Section I. In the caseAS discussed by several authors [1], [6], [24], the attainable
of spaced superstrates, our method provides a high degiéguracy of antenna design equations depends not only on the
of accuracy. In general, cases involving a high permittivittheoretical model but also on the tolerances of the electrical
superstrate exhibit slightly higher errors than those with loand geometric parameters of the antenna structure. Therefore,
permittivity materials. The presence of a flush or spacdle range of possible predicted resonant frequencies in the case
superstrate lowers the resonant frequency of the structure.of rectangular patch antennas with flush and spaced super-
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strates depends on the variability of the following parameters:
h, he, €41, €72, €3, L, andw. Mathematically ]

afr afr af?’
L= — - . 2
Af, o Ah+ 50ha — 1) A(he —h) + . Agpg (2]
Afr Afr Afr Afr
. . . 3
+ e Ag,o + e Ag,3 + 5L AL+ B Aw [3]

(13) "

While explicit symbolic analysis of (13) is rather complicated,
the closed-form model lends itself well to the determination o#
resonant frequency uncertainties for a given set of electrical
and geometric tolerances. The uncertainty in each resona
frequency calculation is presented in Tables Il and Il for
each antenna configuration, using appropriate permittivity and
geometric tolerances as noted. v
This formulation is broadly applicable to rectangular mi-
crostrip antenna designs that use thin < 0.0815),) [25],
low permittivity (e,1 < 3) substrates. While most microstrip

(8]
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