Progress In Electromagnetics Research C, Vol. 155, 61-66, 2025

PIER C

(Received 18 February 2025, Accepted 18 April 2025, Scheduled 28 April 2025)

A New Method for Determining Antenna Gain via Transmission
Line Based Near Field Measurements in a Waveguide

Daniel Richardson, James Dee, Jonathan Yaeger, Jeramy Marsh, and Ryan S. Westafer*

Georgia Tech Research Institute, Atlanta, GA 30332, USA

ABSTRACT: Antenna gain is an important metric for most modern communication systems. The most common method for determining
antenna gain is to produce an incident plane wave using a reference antenna and measure the received power at the antenna of inter-
est. By measuring the received power several wavelengths away in an isolated environment, such as an anechoic chamber, the gain of
an electrically small antenna, dimension less than one wavelength, can be determined. This and other similar methods work well for
frequencies above 2 GHz, but lower frequency measurements can be logistically challenging and expensive due to the large facilities
required and the lack of readily available broadband absorber materials. This work presents a new method for determining antenna gain
using a transmission-line-based near-field S-parameter measurement in a waveguide. To provide evidence for the proposed method, two
monopole antennas are modeled over an infinite ground plane using full-wave electromagnetics, and both are experimentally measured
within a waveguide. Good agreement was found between the model and measurement, providing evidence of the validity of the method.

1. INTRODUCTION

ntenna gain is an important metric for most modern com-
munication systems because it directly determines the frac-
tion of power an antenna transmits or receives in a given di-
rection, relative to isotropic. It can be determined in several
ways, but the most common method is to produce an incident
plane wave using a known reference antenna and measure the
power received at the antenna of interest, or vice versa [1-7].
By measuring the received power several wavelengths away in
an isolated environment, such as an anechoic chamber, the an-
tenna gain can be determined. These methods often utilize the
Friis equation to calculate the antenna gain from these power
measurements. This method and other similar methods work
well for frequencies above approximately 2 GHz, but lower-
frequency measurements can be logistically challenging and
expensive. An anechoic chamber at these low frequencies re-
quires a large and expensive facility to produce reflection-free
zones that imitate an isolated, free space environment. Addi-
tionally, there is a lack of readily available broadband absorber
materials at these frequencies. Furthermore, absorber materials
used in chambers and some transverse electromagnetic (TEM)
waveguides have limited utility at lower frequencies and often
are not well characterized over a wide frequency range. Some
previous attempts have been made to use waveguides to deter-
mine antenna properties, but they rely on highly approximate
methods that only produce qualitative results in certain limits
and conditions [8—12]. New methods that are cheaper and eas-
ier, without sacrificing accuracy, are highly desirable to further
the understanding of both passive and active (nonlinear, time-
varying, etc.) antennas [13, 14].
This work presents a new, highly accurate method for de-
termining antenna gain using a transmission-line-based near-
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field measurement in a waveguide. A mathematical frame-
work for using the S-parameter measurements from a waveg-
uide to calculate antenna gain is presented. Compared to the
methods in [8—12], this method provides a highly accurate, di-
rect analytic expression for calculating antenna gain. Addition-
ally, no prior knowledge of the antenna under test (AUT) is re-
quired. To validate the proposed method, two monopole anten-
nas are modeled over an infinite ground plane using full-wave
electromagnetics. Both are experimentally measured within a
waveguide, and it is found that there is very good agreement
between the model and measurement. By utilizing a tabletop
TEM stripline transmission line waveguide, lower-frequency
S-parameter measurements can be easily performed and used to
calculate the antenna gain. It is important to note that while the
experimental validation provided here is only for electrically
small antennas (ESAs), it is anticipated that this method will
remain valid in the resonant regime as well, as there are no as-
sumptions made about the AUT presented in the mathematical
framework. However, due to the size of self-resonant antennas
below 2 GHz, this method is more convenient for ESAs. Large
waveguides would be required to accommodate self-resonant
antennas at low frequencies; nevertheless, these waveguides
would still be smaller and likely cheaper than the anechoic
chambers required for equivalent measurements.

2. METHODS

2.1. Theory

Consider the free space Friis equation:

Gi(f)Gr(N)A3(f)
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FIGURE 1. Diagram showing the mapping from the free space Friis
equation to the waveguide scenario. The waveguide ports are shown
connected by solid lines at the left. The hypothetical port, P, is shown
connected by a dashed line to the right.

In this context, P, is the received power at the AUT, and P;
is the transmitted power from a known reference antenna. G
and G, are the magnitude of the realized antenna gain for the
transmitting and receiving antennas, respectively. The term
“realized gain” is used in this work to indicate that GG, as a
power ratio, also includes effects of mismatch and inefficiency.
ESAs cannot attain a large directivity, so the mismatch and in-
efficiency dominate. )\ is the wavelength in free space, and
r is the distance between the two antennas. Gain itself is a
far-field quantity, so r is expected to be many wavelengths in
size. Now consider a three-port waveguide measurement with
an AUT placed inside the waveguide. In this configuration,
there is one port at each end of the waveguide and one port at the
AUT. Additionally, consider the case where the AUT is illumi-
nated by a uniform incident field, and the incident wave makes
a single pass through the antenna. The latter condition can be
achieved by utilizing a well-matched transmission-line-based
waveguide and/or time gating techniques. These conditions are
analogous to those required for standard antenna measurements
in an anechoic chamber. The goal is to mathematically relate
the variables in Eq. (1) to the presented waveguide scenario.
Fig. 1 shows a diagram relating the two scenarios, where an
additional hypothetical port, Port m, has been added and will
be discussed later. The term hypothetical is used because this
port does not have the termination of any kind (antenna, ca-
ble, etc.) However, like any port, it is defined by the fields and
impedance over a cross sectional area. The waveguide scenario
can be mapped to a free space equivalent by calculating the ef-
fective mode area of the incident wave in an empty portion of
the main cross section of the waveguide [15, 16]:

Marea(f) = ‘/W (2)
W) = S@lEOP+ S mlHOP )

This area of integration is a 2D cross sectional area, as
in [15,16], and the integration extends to infinity. This
assumes the material properties inside the waveguide are
vacuum (i.e., no dielectric insert). W, contains the uniform
fields that are incident on the AUT. The effective waveguide
mode area is an intrinsic property of the waveguide determined
from energy densities and is independent of the AUT. It
is expected to remain constant with frequency for a TEM
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mode, but not for TE or TM modes. For any mode type, this
frequency-dependent effective waveguide mode area can be
calculated using a full-wave model, or by performing mea-
surements using a known reference antenna. Using a reference
antenna is a common practice for antenna measurements in
anechoic chambers. The power at Port m can be related to
the transmitted power in Eq. (1) by utilizing a well-known
near-field to far-field transform approximation within this
context [17, 18]:

k5 (f)
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ko is the wave vector in free space, and in this context, the gain
of the hypothetical antenna at Port ¢ is given by

Gt(f) = )\(2;4(7;) Marea(f)

&)
This result is less intuitive but can be understood by the fact
that the effective aperture area of an antenna is the effective
area over which the power is transferred to a plane wave. It is
also known that

Po(f) = Pa(f) = [S21 ()P Pr(f) (6)

Next, the power at Port m and Port 1 need to be related to one
another. At first glance, it might seem odd to create a new,
hypothetical port. In real waveguides, there will be a transition
from the main cross section of the guide to a feed at the port, of-
ten a coaxial cable. This impedance transition will cause some
reflections and some loss, though ideally very little to more eas-
ily maintain the single pass condition. Thus, while there is not a
feed or antenna connected at Port m, it is useful to define a port
in this location for the above reasoning. This can be accounted
for in this way:

Pi(f) = C(f)P(f) @
where C(f) is also an intrinsic property of the waveguide only
(i.e., not dependent on the AUT) and will be frequency depen-
dent. It can also be calculated using a full-wave model or by
performing measurements of a known reference antenna. Addi-
tionally, calibration measurements can be performed to remove
this effect. Combining terms:

Po(f) = 1S0(F)PC(F) Pur(f) ®)
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It was implied, but not directly stated, that the port impedances
at Port m and Port ¢ are the same, and the port impedances of
Port 1, Port 2, and Port r are the same (typically 50 Ohms).
Finally, the magnitude of the realized antenna gain is given by:

C()ES ()21 ()]* Marea(f)
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FIGURE 2. Diagram of the three-port stripline waveguide that operates in the TEM mode. A photograph of the real waveguide is shown with an
illustration of the coaxial probe (Port 2) used to create the monopole antenna installed in the bottom conducting plane.

A factor of 4 is needed if the infinite ground plane condition is
considered due to a doubling of the E-field magnitude:

4C(f)k(%(f)|521(f)|2Marea(f)

™

G (f) = 1)

To summarize, the antenna gain can be determined by mea-
suring the transmission coefficient of an AUT using any type of
waveguide. All other variables in Eq. (11) are constants that are
intrinsic to the waveguide itself or nature, independent of the
AUT. It is important to emphasize that no assumptions about
the AUT or the type of waveguide have been made. The only
requirements are that the incident field be uniform and make a
single pass through the AUT. The latter can be achieved using
time gating techniques if the waveguide in question is sizable
enough to allow for it. However, it can also be done using a
highly transmissive waveguide, as is done in this work. Time
gating may be problematic if the gate is too narrow relative to
the ring-down of the antenna system. For example, an ESA
may be brought to resonance and exchange energy with the ex-
ternal field for a considerable time, requiring a larger or more
transmissive guide than that might be expected.

2.2. TEM Waveguide

For verification purposes, a stripline waveguide was con-
structed that operates in the TEM mode from DC up to around
300 MHz, though using a TEM mode is not a requirement. The
waveguide and its dimensions are shown in Fig. 2 along with a
graphical representation of the coaxial probe used to create the
monopole antenna. Two monopole antennas are considered:
one with a conductive center pin length of 3 mm and the other
with a conductive center pin length near 0 mm. The three-port
device was calibrated to remove cable loss and reflections from
the S-parameters. C(f) is approximately equal to 1 over this
entire frequency range for this highly transmissive waveguide,
as seen from Fig. 3, which shows the modeled and measured
S-parameters of the stripline waveguide without the installed
monopole antenna. An Ansys High Frequency Simulation
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Software (HFSS) model of the stripline waveguide is also
shown in Fig. 3. The effective area of the waveguide mode,
using this HFSS model, was calculated to be approximately
0.014m? with some minor variations across the frequency
range. This is expected to vary slightly for the actual waveg-
uide. C(f) can also be calculated in HFSS, if desired. Using
a reference antenna measurement to calculate the effective
area, C'(f) would likely be a more accurate approach, but a
modeling approach is sufficiently accurate for the purpose of
validating the method.

2.3. Monopole Antennas

A full-wave finite-difference time-domain (FDTD) electro-
magnetics model was used to simulate the gain of a monopole
antenna over an infinite ground plane. The FDTD model uti-
lizes Yee’s well-known method for solving Maxwell’s equa-
tions [19-21]. The infinite ground plane condition is emulated
by using absorbing boundary conditions near the edges of the
simulation. The cell size used here is 0.1 mm such that the im-
portant features of the monopole antenna can be accurately cap-
tured. The monopole model geometries are shown in Fig. 4.
The near 0 mm center pin monopole is modeled with a cen-
ter pin of 0.2mm. The real monopole pin protrudes slightly
above the ground and is estimated to have a center pin of length
0.2 mm, but this is challenging to measure precisely. A dielec-
tric value of 2.2 is used for the Teflon dielectric insert in the
FDTD model, but it is not unusual for Teflon to take on values
from 2.0-2.3. Related, the FDTD model port impedance values
are closer to 43 Ohms, rather than the supposed 50 Ohms of the
real monopoles. This is largely due to the slight differences in
real and model coaxial cross sectional areas created by the Yee
cell size constraint. The real coaxial connector has an outer di-
ameter of 4.2 mm and an inner pin diameter of 1.3 mm, while
the model coaxial connector has an outer diameter of 4.2 mm
and an inner pin diameter of 1.4 mm. These collective differ-
ences between the modeled antennas and real antennas are ex-
pected to minimally impact the comparison. It is important to
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FIGURE 3. Diagram of the HFSS full-wave model of the empty waveguide (i.e., no antenna), along with the modeled and measured S-parameters
showing the empty waveguide to be highly transmissive over this frequency range.

]

FIGURE 4. FDTD models of the monopole antennas. An infinite ground plane condition is emulated using absorbing boundary conditions at the

edges of the ground plane.

highlight that, while both of these antennas are ESAs for con-
venience of testing, this is not a requirement.

An incident plane wave is excited in the FDTD simulation
as illustrated in Fig. 4, representing the mapping condition ex-
cited in the waveguide. The gain is only measured in one di-
rection, with only one polarization. This waveguide can be
used to obtain angular dependence of the gain as well, if de-
sired. However, these monopole antennas have angular sym-
metry within the plane. It is also possible to short the waveg-
uide and rotate the AUT orthogonal to the current orientation,
but the monopole favors E-fields along the direction shown in
Fig. 4, so this is not the preferred scenario. This waveguide
is not suitable for looking at additional polarizations, but other
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waveguides, such as a rectangular waveguide, could be con-
structed that allow for the excitation of different E-field orien-
tations.

3. RESULTS

The comparison for the gain of the modeled and measured
monopole antennas is shown in Fig. 5 from around 10 MHz up
to 310 MHz. Overall, there is very good agreement between
the modeled and measured cases, adding further validity to the
proposed measurement technique. However, though the agree-
ment is very good, there are some differences in the model and
measured curves. The dip-like and peak-like features of the
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FIGURE 5. Comparison of the gains determined from the FDTD numer-
ical model and the transmission line measurement for both monopole
antennas.

measured curves are likely created by calibration errors as there
should not be anything highly resonant about the monopole an-
tennas or the waveguide at these frequencies. That is, the real-
ized gain curves are expected to be smooth with no additional
features over this frequency range. This is further evident when
the 3 mm center pin case is compared to the 0 mm center pin
case. It shows similar, yet far weaker responses at the same
frequencies, likely indicating calibration error. It should be
noted that multiple calibrations were performed, and the peak-
like and dip-like responses varied a little each time. Addition-
ally, the near 0 mm center pin case likely extends itself to more
calibration error due to the lower overall transmission. The
gain of the near 0 mm center pin case is more sensitive to the
coaxial cross section and center pin protrusion amount than the
3 mm center pin case, making it more challenging to accurately
model than the 3 mm center pin case. Additional differences
between the curves can likely be attributed to variations in the
real effective waveguide mode area vs. the model determined
effective waveguide mode area. Near the higher frequencies,
this waveguide begins to support higher order modes. The first
non-TEM mode is resonant around 450 MHz in this waveguide.
This mode and higher frequency modes are resonant-like, and
the waveguide is not long enough to accurately time gate out
the response for a single pass, thus placing an upper limit on
the frequencies that can be utilized in this particular waveguide.
There is likely some small mode mixing near the high end of
the frequencies shown in Fig. 3. The lower end of the frequency
range will be limited by the capabilities of the analyzer, as there
is no cutoff frequency for the TEM waveguide. Recall that the
current setup designed for method verification is limited to a
single incident, single polarized wave. Future waveguide de-
signs that are longer and would allow time gating are of great
interest, in addition to rotating stages to more easily allow for
angle-dependent measurements. As stated in the introduction
section, it is challenging and burdensome to perform accurate
free space measurements at these frequencies for comparison.
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4. CONCLUSION

In conclusion, this paper presents a new, highly accurate
method for determining antenna gain. This near-field trans-
mission line based method for determining antenna gain
accommodates ESAs more easily, but the technique is not
restricted to ESAs only. Additionally, while this method
is attractive for measurements at low frequencies, it is also
valid at high frequencies as well. This table-top method will
likely enable faster, cheaper, and easier low frequency antenna
characterization, while maintaining or improving accuracy.
Future studies that further validate this new method under
more conditions are of great interest.
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