
1
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Abstract—The efficiency components of a rectangular mi-
crostrip antenna (MSA) are calculated with a dielectric covering
(radome). The surface wave, conductor, and dielectric losses
are computed when the substrate dielectric permittivity is the
same as the superstrate (radome) permittivity. The introduction
of a dielectric cover increases the efficiency of the antenna to
a maximum value for a low dielectric permittivity. For higher
dielectrics, the efficiency increases with radome thickness until it
reaches a threshold thickness, where it is thought to then couple
to TM0 mode surface waves.

Index Terms—Microstrip antennas, microstrip antenna effi-
ciency, surface waves, radome, dielectric cover

I. INTRODUCTION

THE contribution of surface waves to the efficiency losses

experienced by a rectangular microstrip antenna (MSA)

has been previously computed using HFSS. [1]. This method

was directly compared with the cavity model, and is consistent

with its results, with the exception of the surface wave

contribution. The amount of radiation loss attributed to surface

waves decreases with increasing substrate thickness. [2]

Here we investigate the difference in surface wave loss

contribution with a homogeneous dielectric cover placed on

the MSA as its thickness is varied, and the substrate thickness

kept constant.

Previous work by Alexopoulous and Jackson used a hertzian

dipole as a proxy for a microstrip antenna. [3] They established

two resonance conditions. The first is that the permittivity of

the superstrate material must be much greater than substrate,

ε2 � ε1, to establish resonance conditions which maximize

antenna efficiency. Here we examine the case where ε1 = ε2,

which violates this requirement. The second option involves

changing the permeability, which is beyond the scope of this

work. The efficiency of printed antennas examined by this

previous work has only substrate-superstrate configurations

which are not homogeneous. The surface waves generated

would not produce a classical TM0 surface wave. [4] This

is also true for other previous work. [5] [6] [7] Follow-up

analysis of [3] by Jackson and Oliner [8], addresses pattern

gain, but not efficiency directly, with the same requirement

that ε2 � ε1. Previous investigation indicates that radiation

efficiency can be optimized by the presence of a proper

superstrate layer thickness, with the restriction that ε2 > ε1.

[9]

The examination of a homogeneous dielectric sub-

strate/superstrate combination, ε2 = ε1, indicates that little
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TM0 surface wave power is generated by electrical thick-

nesses generally encountered in practice. The placement of

the hertzian dipole in the previous work is strictly defined.

Here it is shown that placement is not critical to produce a

maximum increase in efficiency. The thickness of the substrate

and superstrate are also strictly defined for resonance in the

previous work.

The scope of this paper is limited to an examination of

the efficiency increase, and unexplained non-radiation losses

present, as the superstrate thickness is increased, until strong

TM0 surface wave coupling occurs. Radiation efficiency is

the ratio of the radiated power to the accepted input power.

[10] Efficiency is a property which is independent of radiation

pattern shape.

II. DIELECTRIC COVERED MICROSTRIP ANTENNA LOSS

Fig. 1. Square Microstrip Antenna with Dielectric Cover

The following computations are at 2.45 GHz, using a low,

εr = 2.6, medium, εr = 6.3, and high, εr = 10.2, relative

dielectric permittivity for both substrate and superstrate. The

geometry is defined in Figure 1 with a square groundplane,

a circular one is used to eliminate preferential effects from

the edges. The antenna is a square patch. The substrate and

superstrate thicknesses, are H1 and H2 respectively.

The radiation efficiency is ηr. The constituent non-radiation

efficiencies are: the surface ηsw, the conductor ηc, and the

dielectric efficiency, ηd. The non-radiation efficiencies, ηsw,

ηc, and ηd, which are undesired, will also be called losses in

this paper.

The thickness of the homogeneous substrate/superstrate

(H1+H2) combination, with H1 constant, will be increased,

and the efficiency components computed using HFSS. As the

superstrate thickness is increased, the patch size is altered

to maintain a constant resonance frequency, and the antenna

probe moved to produce a better than 25 dB return loss.
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A. Low Dielectric Permittivty Substrate (εr = 2.6)

Fig. 2. HFSS Q-Losses of a Square MSA vs. Superstrate Thickness 2.45 GHz

H1 = 256 µm tanδ = 0.0025 εr= 2.6 Solid Copper – Cu thickness = 17µm
(100 mm radius groundplane).

The results for a constant substrate thickness of 256 µm1

(H1) are presented in Figure 2. The electrically thin substrate

was chosen to deliberately compromise the efficiency of the

antenna for study. We note that as the thickness of the radome

of the square microstrip antenna is increased, the radiation

efficiency increases from 26.22% to a maximum of 50.78% at

0.32 λεr
total thickness, and then decreases.

Fig. 3. HFSS Q-Losses of a Square MSA vs. Superstrate Thickness 2.45 GHz

H1 = 508 µm tanδ = 0.0025 εr= 2.6 Solid Copper – Cu thickness = 17µm
(100 mm radius groundplane).

It is hypothesized that as the radome thickness is increased,

the surface wave loss is transformed into radiated power.

The conductor and dielectric losses associated with this non-

radiative surface wave loss also decrease as the magnitude of

the surface wave is attenuated.

1The choice to use micrometers is deliberate. Modern metric usage prefers a

choice of prefix which allows for the maximum use of integers over a dynamic
range. The copper conductor thickness and dielectric substrate/superstrate
thickness are the same prefix. Micrometers are appropriate for millimeter-

waves to microwaves. This idea is part of a group of rules called Naughtin’s
Laws. The pre-metric proverbial unit, the mil, was used in the same way that

micrometers are used here.

Fig. 4. HFSS Q-Losses of a Square MSA vs. Superstrate Thickness 2.45 GHz
H1 = 1575 µm tan δ = 0.0025 εr= 2.6 Solid Copper – Cu thickness = 17µm
(100 mm radius groundplane).

The decrease in surface wave loss magnitude may well be

due to the dielectric layer producing a better impedance match

to free space, which enhances the radiation component. [9]

As the total thickness increases, the conductor losses are

initialy larger than the surface wave losses, dip below them

at the maximum radiation efficiency thickness, and then move

above them after that. We can see the conductor and surface

wave losses are larger than the losses in the dielectric. The

optimal radome thickness increases the radiation efficiency by

about 2.9 dB, which is not insignificant.

The substrate thickness is then increased to 508 µm, which

increases the baseline antenna radiation efficiency without a

radome. The radiation efficiency has increased to 52.92 %

without a radome present, as compared with the 256 µm

substrate efficiency value of 26.22 % without a radome. The

loss components for this substrate thickness, with increasing

radome thickness, are given in Figure 3. As the dielectric

superstrate thickness is increased, the surface wave loss com-

ponent decreases, along with the conductor and dielectric

losses. The maximum radiation efficiency is 75.18 %, which

occurs when the substrate/superstrate combination is 0.32 λεr

total thickness, as was also true for the 256 µm case.

Finally, the substrate thickness is increased to 1575 µm.

The efficiency results are presented in Figure 4. The initial

radiation efficiency is 85.32 %. It increases to a maximum

of 92.80 % when the total thickness is again 0.32 λεr
, and

decreases after that.

B. Medium Dielectric Permittivty Substrate (εr = 6.3)

We next examine a higher dielectric permittivity substrate.

Figure 5 has the loss components for a 508 µm thick, εr = 6.3

substrate. The increase in efficiency with increased radome

thickness occurs as it did in the εr = 2.6 case, but when

a total electrical thickness of about 0.22 λεr
is reached, a

second resonance appears near 2.45 GHz. This makes the

determination of Q using a single resonance untenable. What

appears to be occurring, is that the antenna structure is now

begining to strongly couple with a TM0 mode surface wave.
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Fig. 5. HFSS Q-Losses of a Square MSA vs. Superstrate Thickness 2.45 GHz
H1 = 508 µm tanδ = 0.0023 εr= 6.3 Solid Copper – Cu thickness = 17µm

(100 mm radius groundplane).

Surface waves along a dielectric slab, shorted on one side,

are “loosely bound” for an electrically thin dielectric coating,

and become more “tightly bound” as the coating becomes

thicker. [11] One expects a larger dielectric permittivity also

results in a more tightly bound surface wave. [12]

The lowest order TM0 mode has no lower cutoff frequency.

The cutoff frequencies for TMn and TEn surface wave modes

are given by: [13]

fc =
nc

2h
√

εr − 1
TMn n = 0, 1, 2, . . . (1)

fc =
(2n − 1)c

4h
√

εr − 1
TEn n = 1, 2, . . . (2)

Where fc is the cutoff frequency, c is the speed of light, n

is the mode index, and h is the total dielectric slab thickness

(H1+H2). The TM0 surface wave resonance appears when the

thickness is about 0.22 λεr
or 10 733 µm (10.733 mm) for

εr = 6.3. Table I has the minimum cutoff thickness, hc, for

propagation of the TE1 mode, which is the next surface wave

mode above the TM0 mode. The computed cutoff minimum

thickness for TE1 is thicker than the total thickness where the

surface waves appear.

TE1 Surface Wave Mode Minimum Cutoff Thickness (2.45 GHz)

εr TM0 Mode Appears hc (TE1 Mode)

2.6 - 24.2 mm
6.3 11.2 mm 13.3 mm

10.2 8.8 mm 10.1 mm

TABLE I

As the thickness is too thin to support a higher order mode,

it is expected that a TM0 mode is propagating in the εr = 6.3

case, and also when εr = 10.2, which is presented in the next

section.

It appears the total thickness, and dielectric permitivity

combine in the εr = 6.3 case to bind a TM0 mode to the

surface, when the total thickness is more than about 0.22 λεr
.

Fig. 6. Magnitude of Electric Field for 0.15 λεr
thickness. There is very

weak coupling to TM0 surface wave mode. H1 = 508 µm H2 = 6 810 µm εr

= 6.3 tan δ = 0.0023 Cu thickness = 17 µm (100 mm radius groundplane)

Fig. 7. Magnitude of Electric Field for 0.23 λεr
thickness. There is very

strong coupling to TM0 surface wave mode. H1 = 508 µm H2 = 10 713 µm

εr = 6.3 tan δ = 0.0023 Cu thickness = 17 µm (100 mm radius groundplane)

Figure 6 is a thermal plot of the magnitude of the electric

field at the surface of the superstrate for 0.15 λεr
thick

substrate and superstrate. We see the electric field associated

with the surface waves is minimal. Figure 7 increases the

thickness of the combination to 0.23 λεr
. We now see very

strong coupling to the TM0 surface wave mode.

Fig. 8. HFSS Q-Losses of a Square MSA vs. Superstrate Thickness 2.45 GHz
H1 = 1524 µm tan δ = 0.0023 εr= 6.3 Solid Copper – Cu thickness = 17µm
(100 mm radius groundplane).)

Figure 8 presents computed efficiency components with the

substrate thickness increased to 1524 µm. Again a resonance
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appears when the total substrate thickness is about 0.22 λεr
.

This suggests the value of the total thickness is the critical

parameter for coupling to the TM0 mode, and not the substrate

thickness.

C. High Dielectric Permittivty Substrate (εr = 10.2)

Fig. 9. HFSS Q-Losses of a Square MSA vs. Superstrate Thickness 2.45 GHz

H1 = 762 µm tan δ = 0.0025 εr = 10.2 Solid Copper – Cu thickness = 17µm
(100 mm radius groundplane).

The results for a constant substrate thickness of 762 µm

(H1), with εr = 10.2, are presented in Figure 9. We note that

the antenna efficiency again increases with increasing radome

thickness. The surface wave, conductor, and dielectric loss all

decrease with increasing radome thickness.

Figure 9 only goes up to a thickness of 0.22 λεr
, because, as

before, a second resonance appears, and begins to contaminate

the Q computations. The efficiency increase is a significant

2.57 dB in radiated power, when compared to the antenna

without a radome. The efficiency is plotted to 0.24 λεr
.

Fig. 10. Magnitude of Electric Field for 0.15 λεr
thickness. There is very

weak coupling to TM0 surface wave mode. H1 = 762 µm H2 = 4 989 µm εr

= 10.2 tan δ = 0.0025 Cu thickness = 17 µm (200 mm radius groundplane)

As in the case with εr = 6.3, the TM0 mode is very small for

a 0.15 λεr
combination thickness. Figure 10 shows a thermal

plot of the magnitude of the electric field at the surface of

the superstrate. We see almost no indication of TM0 surface

waves. When the thickness reaches 0.22 λεr
, the TM0 mode

begins to strongly couple. This is seen in Figure 11. The

surface waves are now clearly present.

Fig. 11. Magnitude of Electric Field for 0.22 λεr
thickness. There is very

strong coupling to TM0 surface wave mode. H1 = 762 µm H2 = 7 763 µm εr

= 10.2 tan δ = 0.0025 Cu thickness = 17 µm (200 mm radius groundplane)

III. CONCLUSION

The separate efficiency components of a microstrip antenna

with a dielectric cover, have been computed with HFSS. For

a low dielectric permittivity, εr = 2.6, the introduction of the

cover increases the radiation efficiency of the antenna until an

electrical thickness of approximately 0.32 λεr
is reached. The

introduction of a dielectric cover appears to provide a better

match to free space, converting non-radiative surface wave loss

to radiation efficiency.

When the relative dielectric permittivity is greater than 6.3,

the efficiency again increases with radome thickness until a

second resonance appears. At a substrate/superstrate thickness

of approximately 0.22 λεr
, the antenna begins to generate a

TM0 surface wave, which becomes more strongly coupled as

the total thickness is increased further.
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