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Antenna Effective Aperture Measurement With
Backscattering Modulation
Pekka Pursula, Mervi Hirvonen, Kaarle Jaakkola, and Timo Varpula

Abstract—A scattering measurement method for antenna characterization is described. The antenna backscattering is modulated
by an oscillator circuit. The modulation begins, when a known RF
power is transferred to the oscillator circuit from the antenna. This
enables the measurement of the effective aperture of the antenna,
from which the antenna bandwidth and radiation pattern are obtained. A theory for antenna aperture measurement is developed
using a simple circuit model for the antenna—oscillator system. A
dipole and a PIFA with a reactive input impedance at the application frequency were measured. The antenna aperture was measured to an accuracy of 9%, and the measurements complied with
simulated and measured references. The method provides simple
and accurate bandwidth and radiation pattern measurements with
the reactive load the antenna is designed to work with.
Index Terms—Antenna measurements, apertures, radar cross
sections, scattering.

I. INTRODUCTION

S

INCE the pioneering work of King in 1949 [1], the study
of antenna backscattering has developed into a very diverse
field of study. The methods have developed far beyond the measurement of the radar cross section (RCS) of the antenna. Several authors have demonstrated backscattering-based methods
for measuring the antenna gain (e.g., [2] and [3]) and the antenna
input impedance (e.g., [3] and [4]). In most methods, the antenna
under test is connected to known passive loads, but also negative
resistance devices have been used [5]. Because the methods require the measurement of the power level of the scattered signal,
environmental reflections limit the signal-to-noise ratio and accuracy of the measurement [4].
In this paper, a new approach to backscatter measurement
is taken. The antenna under test is connected to an oscillator,
which modulates the backscattered signal. This enables measuring the effective antenna aperture (also antenna aperture, or
aperture, in this paper) and radar cross section associated with
the modulated backscattering.
The oscillator circuit drives a small varactor in the input of the
oscillator chip. The oscillator wakes up, when the antenna under
test supplies it with enough power. If the RF power required
by the oscillator chip is known, the effective antenna aperture
can be measured. The method enables a fast and robust way to
measure the center frequency, bandwidth and radiation pattern
of the antenna under test as was shown, to some extent, in [6].
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The method has been inspired by the need to characterize
small radio frequency identification (RFID) antennas. In RFID
applications, the antenna is usually directly matched to a capacitive IC chip. Hence the input impedance of the antenna is inductive, which makes it difficult to measure with conventional
transmission techniques. The oscillator IC that is used in the
measurements has same input impedance than the RFID chip,
which the antenna will actually be used with. This is very important, because high mismatch in the antenna input can affect
the current modes in an antenna.
In this paper, measurement results of a dipole and a small
PIFA antenna at UHF frequencies are presented. The dipole,
with well-known characteristics, is measured, even though
its input impedance is nearly real at the application band.
To demonstrate the method with a reactive antenna, a PIFA
with direct matching to the oscillator chip is measured. The
radiation pattern and frequency behavior of the both antennas
are measured.
The scattering methods are commonly agreed to give better
measurement results than the transmission measurements in the
case of small antennas, because there is no feed line to disturb
the near fields of the antenna, as is the case with transmission
measurements. This is often referred to as a fact, but the effect
is rarely demonstrated. The PIFA is designed to be mounted
on metal surfaces. The disturbing effect of the feed line can be
clearly seen, when the PIFA is measured on different sizes of
metal platforms.
This paper proceeds as follows. In the Section II a theoretical
model for the antenna—load system is developed and an expression for the effective antenna aperture is derived. The Section II
also describes the basic idea of the measurements and considers
the effect of different error sources. In Section III measurement
results, as well as simulation and reference measurement results
are presented.
II. MEASUREMENT METHOD
A. Theoretical Construction
To study the scattering effects on a loaded antenna, the model
presented in Fig. 1 was used. The antenna and the load are deand
,
scribed as impedances
respectively. The antenna resistance consists of the radiation reand the dissipations in the antenna
, i.e.,
sistance
. The voltage is the equivalent voltage generated by
the incident wave. This model assumes a reciprocal antenna: the
current distributions, and thus antenna characteristics, should be
identical for transmission and receiving.
Following the reasoning in [7] and [8] expressions for the
and the radar cross section of the antenna
effective aperture
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Fig. 1. Series model of a loaded antenna.

can be derived. The RF current in the circuit can be calculated
as

(1)
Fig. 2. Block diagram of the antenna—chip system.

where is the impedance of the circuit. The effective aperture
is defined as the ratio of the power dissipated in the load
and the power density of the incident wave, i.e.
resistance

reflection coefficient

(2)
is the effective RF-current in the circuit. Similarly
where
the radar cross section is defined as the power the antenna
radiates, i.e., power dissipated in the radiation resistance
times the directivity
of the antenna, divided by the power
density

(7)
where the reflection coefficient is defined as

(8)
(3)
is the gain of the
Here, is the radiation efficiency and
antenna.
Assuming conjugate matching between the antenna and the
, the maximum power
transferred
load, where
from the antenna to the load can be expressed as

(4)
The power
can be identified with the transferred power of
the Friis transmission equation

(5)
Combining (1)–(5), expressions for the effective aperture
and the radar cross section become

(6)
The equations consist of a maximum aperture (first fraction)
and a second fraction describing the mismatch between the antenna and the load. Equation (6) can be also expressed with a

and stands for a complex conjugate.
In previous studies, the measurement methods have been
based on measuring the radar cross section. The antenna can
also be characterized by measuring the antenna aperture. To
do this, the antenna is connected to an oscillator chip, whose
input impedance is known. The chip includes a rectifier, a
low-frequency oscillator and a varactor, as sketched in Fig. 2.
The chip has no battery, but it extracts all the power it needs
from the RF power transmitted by an illuminating antenna. The
the chip requires for the modulation to
critical RF power
start, is known.
In this study, two kinds of resonator chips were used, which
are described in [8] and [9]. The input impedance of the chips
.
is about
When the oscillator drives the varactor at the input of the chip,
of the chip varies a small amount of
the input reactance
. As seen from (1), a change in chip input reactance modulates the phase of the current in the antenna—chip system. Thus
the field scattered from the antenna—chip system is also phase
modulated, which is seen as sidebands in the scattered signal.
The scattered power is not measured, but only used to indicate
the power transferred to the load. Only the transmitted power is
measured. This simplifies the measurement apparatus considerably, and enables the center frequency, bandwidth and normalized radiation pattern measurements even in normal laboratory
conditions.
Even though it is not necessary to measure the backscattered
power, it is interesting to calculate also the radar cross section
of the first sideband of the antenna.
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B. Effects of Modulation

Especially interesting are the two limits of the mismatch reactance

The analysis in Section II-A was based on the assumption that
the input impedance of the oscillator chip is constant. Actually
. What
the reactance of the chip is modulated by an amount
is the effective impedance of the chip, that is actually seen in the
measurements?
If the varactor was in the same state all the time, one would
measure the antenna aperture given in (6). If the varactor was
switched to the other state, one would measure a similar aperture curve, which was shifted to a new center frequency. At a
certain frequency, one of the varactor states induces more mismatch to the antenna—chip boundary than the other state. In the
higher mismatch state, less RF power is transferred into the chip
than in the other varactor state. The oscillator has to get enough
DC power to function in the both states of the varactor, for the
modulation to function properly.
Without DC capacitors, the chip has to get enough RF power
for the oscillator to function in the higher mismatch state of
would refer
the varactor. In this case, the limiting power
to different states of the varactor, and hence to different input
impedances of the chip, on different sides of the aperture peak.
But, because the chip has relatively big DC capacitors, the
energy charged in the capacitors can be used to drive the oscillator over the higher mismatch state of the varactor. Of course,
in the lower mismatch state the chip has to get some extra RF
power to charge the capacitors. This averaging behavior leads to
refers to neither of the
a situation, where the critical power
varactor states, but to a state, which corresponds to the rms-current in the antenna—chip system.
To calculate the rms-current the modulation has to be
fixed. For a square wave modulation, the impedance of the
antenna—chip system is

(12)
At the sides of the peak, where
is big, the modulation does
not affect the aperture. But in the middle of the peak, where
, the aperture is reduced due to the modulation. In other
words, the modulation flattens the aperture peak.
Measuring the aperture requires only the measurement
, but it is interesting to
of the critical transmit power
study the scattered power also. To derive a theoretical expression for the power in the sidebands, the baseband current
in the antenna—chip system is expressed as a Fourier series
, where
is the modulation frequency. The Fourier coefficients are

odd
even

(13)

(9)
where
,
and is the period
of the modulation. Now the effective current can be expressed
as an integral

The effective RF current corresponding to one of the first sidebands is
. Two factors of 1/2 arise because of
baseband and RF “root-mean-squaring.” The third factor discards power in the other of the first sidebands. Thus the effective current describes power in only one of the symmetric first
sidebands. The power in the sideband can also be described by
a radar cross section , which can be calculated from the effective current using (3)–(5)

(14)
(10)
C. Measurement Procedure
where
comes

is the RF frequency. Now the aperture be-

(11)

The measurement setup is shown in Fig. 3. It consists of a
continuous wave transmitter and a receiver with a spectrum analyzer. The oscillator IC chip is connected to the antenna under
test (AUT), which is attached to a rotating mount.
The loaded antenna is illuminated with the transmitter, which
creates a power intensity at the antenna under test. In each
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Fig. 3. Measurement setup.

measurement point, the transmitted power
is increased until
the modulation wakes up, i.e., the sidebands are detected at the
, the IC chip
receiver. At this critical transmission power
coupled
gets just enough power to function, i.e., the rf power
to the oscillator chip is the known critical power
, which the
is
chip needs to function. The critical transmission power
recorded to calculate the antenna aperture. The received power
was recorded to test (14).
at the sideband frequency
The effective aperture
and the radar cross section of the
are defined as
first sideband

(15)
where
is the power scattered from the antenna at sideband
frequency.
Because the power intensity is proportional to the transmitted power
, it can be measured at a single reference power
, and then scaled
level
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at the same frequency than the transmitted field. In this kind
of a measurements, the transmitted field connects through environment or directly to the receiver, which severely impairs
the receiver sensitivity. Thus complicated decoupling and background cancellation systems (e.g., [3]) has been used. In the
aperture method described here, the power level of the scattered
field is not measured, but only the transmission power, which is
much easier to do with high accuracy.
Even if one measures the scattered power, direct coupling is
not a problem, because the scattered signal is transferred to sidebands.
On the other hand, the aperture method requires exact knowledge of the required RF power of the oscillator chip. This is not
trivial to measure with high accuracy due to the reactive input
impedance of the chip. There is also some hysteresis in the rectifier as a function of incoming power. Thus care has to be taken
in the measurements, to sweep the transmission power always
in the same direction.
Another common error source is the repositioning error in
scattering methods, that require antenna under test to be measured with different loads (for example, [3] and [4]). In the
aperture method, only one load is used, but the measurement
of the reference power intensity at AUT is required. This introduces some repositioning error. But repositioning error gives
rise much faster to phase than power level errors [4]. Because
in aperture method only power level is measured, repositioning
error is not a major problem.
The aperture measurement suffer of course from environmental reflections, which effect the power intensity at antenna
under test. But this is taken care of by the reference power intensity measurement.
A quantitative analysis in measurement error can be calculated by using a total differential of the antenna aperture in (17).
This yields a relative error of the form

(16)
(18)
where
. The transmitted power is increased
until the modulation wakes up. At this power level, the IC chip
gets just enough power to function. In other words
and
. Now the antenna aperture and the radar cross
section can be expressed as

(17)
where is the distance between antenna under test and receiver
antenna. The power propagation from the antenna under test to
the receiver has been calculated with Friis equation. The refercan be measured to quite a high accuence power intensity
racy with the same equipment used in the actual measurement.
D. Error Analysis
Most antenna scattering measurement methods require the
power level measurement of the scattered field. Usually the antenna is connected to a passive load and the scattered field is

where prefix refers to the uncertainty of the quantity.
The power levels can be measured to an accuracy of 0.1 dB
with basic measurement equipment, except the required RF
. This was measured to an accuracy of 6%. Adding
power
up the terms, a relative error of 9% is acquired.
Similar error analysis can be carried out for the radar cross
section of the first sideband in (17). Now there are more error
sources, but they can be measured to an accuracy on 0.1 dB,
is not included.
or 1% quite easily, for required RF power
Thus, the estimated error is 7%.
III. MEASUREMENT RESULTS
In this section measurements of two antennas are described.
First, a dipole antenna is measured due to its well-known characteristics. The oscillator chip used in the measurements has a capacitive input impedance, and thus an external matching circuit
is needed. The dipole was measured in an ordinary laboratory
environment, to demonstrate the robustness of the measurement
system.
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Fig. 4. PIFA (AUT) attached to platform.

The measurement method is well suited for measuring antennas with reactive input impedance. Thus a modified planar
inverted antenna (PIFA), with direct impedance matching to the
oscillator chip, is measured. The antenna under test is a PIFA
that has been designed for RFID applications at 869 MHz band
[10]. The antenna is designed to be attached on metal platforms.
Hence the measurements were carried out on metal platforms
of different sizes, and on a styrofoam support, to simulate the
free space condition. The PIFA on an platform is presented in
Fig. 4. The PIFA measurements were carried out in an anechoic
chamber.
Two kinds of measurements were carried out. In bandwidth
was measured
measurement, the critical transmitted power
at different frequencies. In radiation pattern measurement, the
critical power was measured as a function of antenna alignment.
First the radiation pattern measurement is considered.
A. Radiation Pattern Measurements
To measure the normalized power radiation pattern , one
or the
does not have know the reference power intensity
in (17). If the measurement setup is stable,
critical rf power
these quantities remains constant through the measurement. Because the antenna aperture is the measure of the power transfer
between the antenna and the load, the radiation pattern can be
calculated as

(19)
where the
is the maximum aperture,
which corresponds to the minimum critical transmitted power
. Note that (19) holds exactly
only, if the frequency remains constant, as is the case when measuring the radiation pattern.
The error analysis is quite straightforward taking total differential of (19). The uncertainty in the measured power levels was
0.1 dB, which leads approximately to an overall error
.
The dipole antenna is 15 cm in length, and resonating at
about 870 MHz as such. The antenna is a little shorter than a
-dipole, as real implementations of the dipole antenna tend
to be. The dipole antenna was connected to the oscillator chip
with a -type LC matching circuit. The matching was best at
850 MHz, at which frequency the radiation pattern was measured. The measured radiation pattern of the dipole is presented

Fig. 5. Measured (
dipole antenna.

) and theoretical (- -) radiation patterns in decibels of the

-dipole
in Fig. 5, as well as theoretical radiation pattern of a
from [7]. As can be seen from the figure, the patterns are almost
identical.
The measured radiation patterns of both polarizations in a
of the PIFA are presented in Fig. 6.
main plane
Both polarizations are scaled to main polarization main beam
value. These results can be compared to simulated radiation patterns in Fig. 7 and transmission measurement results in Fig. 8.
In the transmission measurements the AUT was fitted to a 50
feed line with a strip line fitting network. To reduce the amount
of metallic feed line near the antenna, the fitting network was
connected to other measurement apparatus through an optical
link. The antenna mounting, including the platform, was identical to the aperture measurement. The antenna was fed through
the metal platform.
The results of the transmission measurements differ from the
other results significantly, especially in free space, where there
is no metal plane to screen the feed line from the antenna. As
the radiation patterns become more similar when the size of the
metal platform grows, it seems that the feed line and the fitting
network disturb the antenna radiation. Thus the transmission
measurement results cannot be used as a absolute reference for
the aperture method.
The simulated and aperture method radiation patterns are almost identical. Only on the biggest metal platform a difference is seen. The biggest measured metal platform was only
in area, but simulations were performed on an infinite platform, which explains the difference.
B. Bandwidth Measurements
The critical power was measured as a function of frequency
with a step of a few MHz. The measurements were carried out
for the dipole antenna and for the PIFA on different platforms.
The antenna aperture was calculated using (17) and the relative
error was approximated in Section II-C to be about 10%, mainly
from the uncertainty in
.
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Fig. 6. Radiation patterns in decibels of the PIFA measured with the aperture method: (a) in free space, (b) on (150 mm) metal, and (c) on (600 mm) metal.
Solid line ( ) present the co-polarization and dashed line (- -) the cross-polarization radiation pattern.

Fig. 7. Radiation patterns in decibels of the PIFA simulated with HFSS: (a) in free space, (b) on (150 mm) metal, and (c) on infinite metal. Solid line (
present the co-polarization and dashed line (- -) the cross-polarization radiation pattern.

)

Fig. 8. Radiation patterns in decibels of the PIFA measured with the transmission method: (a) in free space, (b) on (150 mm) metal, and (c) on (600 mm)
metal. Solid line ( ) present the co-polarization and dashed line (- -) the cross-polarization radiation pattern.

To calculate the absolute value of the aperture, the RF power
required by the chip has to be known. The required RF power
was measured in a test fixture with a network analyzer (VNA).
The required power of the oscillator chip used in PIFA measure. This is in line
ments was measured to be
with [8], which describes the chip used.
In the case of the dipole, the oscillator was connected to the
VNA with the LC matching circuit used with the antenna. The
required power of the chip connected to the matching circuit
. The input impedance
was measured to be
of the oscillator chip connected to the matching circuit was measured to calculate a reference. The dipole input

is well known, and can be calculated for eximpedance
ample from a circuit model presented in [11]. Now the antenna
aperture of the dipole can be calculated with (7) and theoretical
dipole gain. The measured antenna aperture of the dipole and
the calculated reference are presented in Fig. 9.
The matching circuit has a strong effect to the measured peak
shape: The matching was designed for an average state of the
chip, but the reference does not take into account the modulation. Nevertheless, the curves are almost identical in magnitude and in shape for about 3 dB from the aperture maximum.
When comparing the curves, one must remember that the relative error in the circuit model is 6%, which is almost enough
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Fig. 9. Measured aperture of the dipole and a calculated reference.

Fig. 11. Measured aperture A and radar cross section  of the PIFA in free
space.

IV. SUMMARY AND CONCLUSION

Fig. 10. Measured (markers) and calculated (lines) apertures of the PIFA on
different platforms as a function of frequency.

to explain the difference in the curves. The measured maximum
, which is almost exactly the theaperture at 854 MHz is
in (6)].
oretical maximum [
For the PIFA, a reference was calculated in similar way.
Values for antenna gain and impedance were simulated
with HFSS and measured values of the oscillator chip input
impedance were used. The measured and calculated apertures
for the PIFA is presented in Fig. 10.
The calculated and measured curves are similar in shape, but
shifted in frequency. This can be either a simulator or a measurement error. The simulated peaks are narrower, and about 3
dB higher than measured ones. This is due to the flattening effect of the modulation, as seen from (12). As the chip reactance
, a flattening of about 3 dB is only
is modulated by
to be expected.
Also the radar cross section of the first sideband was measured. In Fig. 11 the measured aperture and radar cross section
of the PIFA in free space are presented. The uncertainty was es.
timated in Section II-C, giving
The figure illustrates the fact that the effect of mismatch at the
antenna—chip interface has a stronger effect to the radar cross
section than the aperture. This is also seen in the expressions
and
[(11) and (14)]: the aperture
, but the
of
.
radar cross section

A new method utilizing backscatter data to characterize antenna was presented. The method is based on backscattering
modulation, which is achieved by connecting the antenna to a IC
chip that consists of an oscillator driven modulator. The method
enables the measurement of the antenna aperture and radar cross
section of the modulated signal. Because carrier signal coupling
from transmitter to receiver does not disturb the measurement,
the measurement apparatus is very simple and quite accurate results can be acquired even in normal laboratory conditions.
The method was justified theoretically, and expressions for
the antenna aperture and the radar cross section were derived
with and without backscattering modulation. It was shown, that
the modulator in the antenna load flattens the measured antenna
aperture peak.
Radiation pattern and bandwidth measurements are simple
and accurate with the introduced method. One reference measurement for the power intensity is required for determining
the absolute value of the antenna aperture, which essentially describes the antenna gain including mismatch at antenna input.
From bandwidth measurements, the center frequency and bandwidth can be accurately determined.
A dipole antenna was measured near 869 MHz with the aperture method to demonstrate the method with a well known antenna. The measured radiation pattern was almost identical to
the theoretical dipole radiation pattern. The measured frequency
behavior was compared to a calculated frequency behavior. In
the middle of the peak the curves differed less than 10% in value,
and were of identical shape.
Because the method is well suited for measuring also antennas with reactive input impedance, a reactive RFID antenna
with direct impedance matching was measured. The radiation
pattern measurement results were similar to simulations and traditional transmission method measurement results, except that
the disturbing effect of the feed line when measuring small antennas with transmission measurement technique was clearly
seen. The measured center frequency of the PIFA differed from
simulated values about 5 MHz. The simulated peaks were narrower and higher, which was only to be expected, because of the
load modulation.
In general, the introduced method complied very well with
the calculated and measured references.
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