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Abstract—This paper presents a time domain antenna mea
surement technique by using a low cost software defined radio 
receiver. The technique aims to resolve measurement challenges 
derived from antennas where the reference signal is not ac
cessible. The phase reconstruction implemented in this work 
is based on calculating the Fast Fourier Transform of the 
time domain signal to estimate the power spectrum and the 
relative phase between measurement points. In order to do that 
a reference antenna is used to retrieve the phase, providing 
a full characterization in amplitude and phase of the electric 
field and allowing source reconstruction. The results demonstrate 
the potential of this technique for new antenna measurement 
systems and reveal some of the limitations of the technique to be 
optimized, like the undesired reflections due to the interactions 
between the probe and the reference antenna. 

I. INTRODUCTION 

The development of new technologies like the ones derived 
from the evolution of the fifth generation (5G) imply more 
complex devices. The complexity of the devices can be seen 
in the necessity of technologies as phased arrays, massive 
multiple-input multiple-output (MDVIO) or smart antennas, 
along with others. Therefore, the antenna will not be conceived 
as a device but as a system. 

Antenna measurement techniques will have to change in 
order to adapt to this revolution. In the future, millimeter wave 
systems will be so compact that there will be no room for 
conventional connectors. In [1] a description of the challenges 
for on-chip-antennas (OCA) is studied. The overview describes 
how even when there is room for a radio frequency (RF) 
connector between the antenna and the radio system it will 
be cost-ineffective. Massive MIMO is a clear example where 
hundreds of antennas may be used and a RF connector for 
each antenna would be very costly. In [2] the challenges 
when coaxial feeding is not used are described, since for 
integrated antennas it will be only possible to probe input and 
output signals. Another example where the reference signal 
is not accessible can be seen in biomedial applications where 
embedded antennas are placed under the skin of the human 
body and the feeding is not standard. 

Along with the architecture challenges, the higher frequency 
will require very precise acquisition systems. Considering 
the future challenges derived from the characteristics of the 
antenna systems, over the air measurements (OTA) will play an 
important role to characterize the performance of the antenna, 

since traditional tests performed using coaxial cables to obtain 
the reference will not be possible. 

Besides the far field pattern of the antenna, a very important 
part of the measurement is the diagnostic of the AUT: process
ing of the data collected from the AUT in the near-field and 
identification of possible irregularities in the radiation of the 
device. The diagnostic techniques can be classified in two main 
groups: equivalent currents or modal expansion techniques. 
These techniques require the acquisition of the electric field 
in amplitude and phase. 

As pointed out before, there are applications where the 
phase reference can not be obtained in order to acquire the 
near-field information. Thus, it is necessary to implement an 
accurate and cost-effective technique for antenna characteri
zation. There is a wide range of techniques that have been 
applied in the literature regarding measurements when the 
reference is not accessible nor reliable. Holographic methods 
can be seen in [3-8]; this method requires only one scan 
surface, but it requires further hardware for a reference field. 
In addition, due to overlapping in the spatial domain it may 
require a high sampling rate. Iterative methods between two 
surfaces have been tested for planar [9], cylindrical [10] and 
spherical [11] configurations; this method introduces complex
ity to the measurement process since two scan surfaces are 
needed. Furthermore, the method has not generally an unique 
solution. Interferometry is another existing method [12]; the 
technique requires the development of further hardware to 
obtain the magnitudes of the in-phase and in-quadrature sums 
of two probe signals. 

This work proposed a simple and cost-effective alternative 
method in comparison with the existing techniques. The 
method is based on the improvements of software defined 
radio (SDR) receivers architectures that allows over the air 
time domain measurements of the desired signals. 

The paper is organized as follows: in Section II an ex
planation of the SDR system and the factors involved in 
the measurement process will be given. Section III will give 
some measurement results of the normalized radiation patterns 
at 2 and 5.75 GHz when using the proposed measurement 
technique. Finally, in Section IV the conclusions and future 
lines are presented. 



Fig. 1. Antenna measurement set-up for phase reconstruction 

I I . SOFTWARE DEFINED RADIO RECEIVER 

In order to implement the low-cost time domain phaseless 
technique the Zynq Evaluation and Development Board (Zed-
Board) in conjunction with the transceiver A D - F M C O M M S 3 -
E B Z was used. The radio frequency integrated transceiver 
provides a configurable digital interface to a FPGA, and that is 
how the communication is established between the ZedBoard 
and the RF module. 

The 2x2 transceiver module consists of a 12 bit A D C with 
a receiver band that goes from 70 MHz to 6 GHz and a 
tunable channel bandwidth up to 56 MHz. The receiver is 
homodyne, meaning that the signal is directly down converted 
to base-band for digitization purposes, more specifically I -Q 
samples are generated by the transceiver module. The receiver 
chain can be controlled and it consists of two programmable 
low-pass filters, decimating filters and gain control for each 
channel. In this work manual gain has been implemented 
so that there is no need to calibrate due to phase distortion 
introduced by the automatic gain control of the board. 

A. Measurement Set-Up 

The set-up is composed by two probe antennas and the AUT. 
One of the antennas is the conventional probe used for near-
field antenna measurements, the other one is a reference that 
will be used to get the phase reference for the measurements. 
Fig. 1 shows the set-up of the measurement system; the A U T 
is in transmitting mode, then the probe and the reference in 
receiving mode are feeding the two receiving channels of the 
SDR. 

The first thing to notice is the position of the reference 
antenna, it can not be placed to close to the probe, since 
the coupling between the reference and the probe would be 
so high. Moreover, the reference antenna should be placed 
in a position where the signal received is strong enough to 
ensure reliability in the measurements, since it will be the 
reference for the phase estimation. Section I I I will show a 
post-processing technique applied to remove the interference 
of the reference antenna on the measured field. 

Fig. 2. Phase and power estimation 

B. Power Calculation and Phase Reconstruction Algorithm 

Fig. 2 shows the process followed to estimate the power 
and phase of the measured electric field. A FIR equiripple 
bandpass filter was used before calculating the relative phase 
and power of the field. This filter was necessary in order to 
remove the error observed in the measurements due to the 
level of C offset that may be caused by ADC imperfections, 
the low pass filter or even the local ocsillator (LO). Another 
limitting isue of the SDR is the IQ-imbalance, it was corrected 
by an intern algorithm of the AD-FMCOMMS3-EBZ. 

The steps followed to estimate the power of the received 
signal are: 

First, a Blackman-Harris window is applied to the input 
• 

data before computing the periodogram. 
After computing the periodogram, an integration is per-

• 

formed. In the particular case of these tests the power is 
integrated around the maximum since single frequency 
transmission is being analyzed. It is important to remark 
that the relative power with respect to the reference 
antenna could be measured in order to minimize power 
drift. It was not implemented in this work. 

Regarding the phase, the reconstruction is implemented by 
computing the ratio between the Fast Fourier Transform (FFT) 
of the reference and the probe signal after the windowing and 
the filtering processes. This resolves the drift problem of using 
different local oscillators (LO) for the reference and the probe 
antennas, since the transceiver uses the same LO for both 
channels. 
C. Measurement Time and Uncertainty 

The uncertainty of the measurement equipment was studied 
before carrying out a real test in the anechoic chamber. The 
dynamic range of the SDR was analyzed for a frequency range 
that goes from 1 to 6 GHz in steps of 0.25 GHz. The results 
were obtained by comparing the results of the received signal 
by the SDR and the vector network analyzer (VNA). Figs. 3 
and 4 shows the power and phase uncertainty estimated over 
the frequency range for several received powers. It is clear 
from the figures that the dynamic range of the receiver is 
about 50 dB; the errors introduced for the top 40 dB are not 
critical. This dynamic range can be exploited by adjusting the 
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Fig. 4. Phase error 

manual gain of the receiving chain depending on the particular 
levels of power received for each measurement set-up. These 
errors will be translated into noise during the measurement, 
the relevance of this effect will be evaluated in Section I I I . 

The measurement time is an important factor to optimize 
if multifrequency scenarios are considered. The acquisition 
time of the SDR after optimizing the amount of information 
measured is about 0.2 s, which is a good number for this sort 
of scenarios where the measurement time should be optimized. 
The optimization of this factor represents a trade-off between 
uncertainty and saving time, different situations are considered 
in Section I I I . 

I I I . MEASUREMENT TEST 

In this section, two different measurements will be evaluated 
at different frequencies, 2 and 5.75 GHz. The measurements 
will be perform in the L E H A - U P M facility. These mea
surements will provide information about the limitations of 
this method and some conclusions about the validity of the 
technique. 

A. Planar Near Field Measurement at 2 GHz 
The geometry of the measurement can be seen in Fig. 5. 

The figure shows the planar coordinate system where the 
probe is moved and the x and y-axis of the A U T coordinate 
system. The A U T chosen was a standard gain horn (SGH) 

Fig. 5. Measurement set-up at 2 GHz 

antenna. The probe is a single-port conical horn antenna with 
a broad radiation pattern. The reference is a pyramidal horn 
antenna. Before performing the measurement process some 
considerations were taken: 

The reference antenna was placed in a position where the 
• 

received power was high enough to minimize uncertainty 
due to instability in the signal measured. 
The AUT, the probe, and the reference are linear polar-

• 
ized antennas. Only the x-component of the field was 
measured since the y-component is negligible over the 
scanning surface. 
A calibration was performed before the measurement in 

• 
order to adjust the plane size according to the dynamic 
range of the SDR (50 dB). Finally, the planar scanner 
size was 2.3 m. The distance between the AUT and the 
probe was fixed to 0.8 m (trade-off between multiple 
reflections and reliable region). With this information and 
the maximum size of the AUT (0.37 m) the reliable region 
is about ±50 • . 

• The step chosen in x and y-axis was λ
2 . 

For each measurement point the amount of information 
• 

captured was 40000 samples. This represented a good 
trade-off in terms of noise rejection. 

After processing the measurements some deep ripples were 
observed in the radiation pattern. It was thought that most 
likely the ripples observed in the measured data were a conse
quence of the reflections from the reference antenna, therefore 
post-processing techniques were applied to the measurements. 

From all the existing techniques in the literature to remove 
reflections, spatial filtering was the one chosen (see [13]). The 
method is based on considering the reflections as if they were 
generated by virtual sources over the AUT plane, so the idea is 
to filter out the undesired components once the field has been 
back-propagated to the AUT plane. The post-processing starts 
by calculating the plane wave spectrum (PWS) of the measured 
electric field, then it is back-propagated to the aperture plane 
and finally the undesired sources of the electric field are 
filtered out. Fig. 6 shows the reconstructed electric field after 
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Fig. 6. Reconstructed electric field at the aperture plane of the AUT 
Fig. 7. Normalized radiation pattern φ = 90 • at 2 GHz 

back-propagating to the AUT plane. The reflections can be 
clearly seen around the physical size of the AUT (red square 
in the figure). The spatial filtering wil l not only remove this 
effect but also reduce the noise of the measurement as can be 
seen in [14]. 

The effect of the probe should also be considered in order 
to compare the radiation pattern of the AUT with the refer
ence. The probe is considered to be ideal in terms of cross-
polarization rejection, then i f the far-field radiation pattern of 
the probe is known the probe correction can be applied. 

The x and y-axis of the coordinate system of the radiation 
pattern are shown in Fig. 5. The z-axis is in the direction 
of the main beam. The co-polar and cross-polar unit vectors 
correspond to Ludwig’s 3rd definition [15], in such a way that 
the maximum of the electric field is oriented in the x-direction 
on the z-axis. 

The radiation patterns for the main planes, </> = 0° and 
4> = 90° can be seen in Figs. 7 and 8. In the figures the 
reference is compared with the radiation pattern measured and 
the radiation pattern after post-processing (spatial filtering and 
probe compensation). It can be observed that the position of 
the reference during the measurement process is critical since 
the post-processing technique has removed the deep ripples 
observed in the measurements. 

Despite some differences observed for the side lobes of </> = 
0° cut, there is a good agreement between the radiation pattern 
measured after processing and the reference. The differences 
observed may be due to the size and the position of the 
reference antenna since it was not optimized in terms of 
reflections. In order to better evaluate the performance of the 
SDR receiver, another test was performed at 5.75 GHz to test 
the SDR at the limit of the maximum operation frequency 
and trying to reduce the effect of the reflections, this wi l l be 
explained in Section III-B. 

B. Planar Near Field Measurement at 5.75 GHz 

A new measurement test was carried out at 5.75 GHz. Fig. 9 
shows the set-up for this test. In this case the reference was 
placed in a further position with respect to the AUT and the 
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Fig. 8. Normalized radiation pattern φ = 0 • at 2 GHz 

probe antenna, trying to minimize the reflections observed 
in Section III-A. The AUT is again a SGH antenna and the 
probe antenna has a broad radiation pattern. Nevertheless, in 
this test it was decided not to consider probe compensation 
and the far-field obtained with this technique and the far-field 
obtained by measuring with a conventional planar near-field 
configuration (without the reference interfering) are compared 
instead. Therefore, two planar near-field measurements were 
carried out, one conventional measurement and another one 
by using the new technique. It was though that it is a good 
method for comparing the results. 

The following considerations were taken for this measure
ment in comparison to the one at 2 GHz: 

The size of the measurement plane was set to 2x2 m. 
• 

The distance between the AUT and the probe was fixed 
• 

to 0.5 m. 
• The reliable region is ±60 • . 

The measurement time was pushed to 0.2 s for each 
• 

measurement point (4000 samples). 
The comparison between the near-field measurement results 

by using the SDR as a receiver to recover the electric field 
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Fig. 9. Measurement set-up at 5.75 GHz 
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Fig. 10. Normalized radiation pattern φ=90• at 5.75 GHz 

and the VNA showed that the differences in amplitude were 
below -40 dB for all the measurement points. It was observed 
that the decrease in the amount of information measured (10 
times less information in comparison with the previous test) 
worsen the dynamic range by about 10 dB. There were still 
some differences observed for the phase, these differences may 
be attributed not only to the uncertainty of the receiver but 
also to the reflections from the AUT. It was really difficult to 
completely remove this effect since it is necessary to locate 
the reference in a position where the signal received is strong 
enough but also where the reflections between the probe and 
the reference are minimized. Therefore not only the energy 
reflected to the AUT from the reference is an issue but also the 
scattered energy that interferes with the reference and changes 
the phase stability along the measurement. 

Therefore, post-processing was also applied in this test 
not only to minimize the possible reflections but also to 
minimize noise in the measurement. Figs. 10 and 11 shows 
the good agreement between the conventional planar near-
field measurement when using the VNA and the measurement 
results when using the proposed technique in this paper after 
far-field transforming. 

There are some conclusions about the proposed measure
ment method that can be derived from the previous results: 

The method is sensitive to the location and size of the 

Fig. 11. Normalized radiation pattern φ=0• at 5.75 GHz 

reference antenna since coupling between the probe and 
the A U T may create distortion in the amplitude measured 
or in the phase reference. 
The amount of information measured is a critical factor 

• 
in terms of dynamic range and time optimization. 
Post-processing techniques can be applied to minimize 

• 
the effect of the reflections and to minimize noise. It is 
something that can be done in planar near-field measure
ments since it is possible to transform the plane waves 
to the aperture plane and apply a filter afterwards in the 
electric field domain. If another kind of measurement is 
done i.e. spherical or cylindrical, it could be possible to 
transform the expansions to another domain to reduce the 
noise or minimize the effect of the reference antenna. 
The technique is protected against phase drifts in the local 

• 
oscillator, since the same L O is used for both channels 
(probe and reference). There are other phaseless solutions 
in the literature where this drift issue has already been 
pointed out [16]. 
The tests performed show that the technique is valid for 

• 
all the frequency range of the SDR. Therefore, radar 
signals, E M C or 5G devices where the phase reference is 
not accessible are possible applications for this technique. 

I V . CONCLUSIONS AND FUTURE LINES 
In this paper a new low-cost over-the-air antenna measure

ment technique by using a SDR receiver has been implemented 
and tested up to 6 GHz. The test has been performed in the 
planar near-field facility. The underlying idea of the method 
is based on evaluating the power of the probe antenna and 
calculating the phase of the A U T at each measurement point as 
the relative phase between one probe and a reference antenna. 
The results show a very good agreement between the expected 
radiation pattern and the measured one. The dynamic range of 
the SDR and the undesired reflections that may perturb the 
measurement due to the position of the reference antenna are 
the main limitations. Nevertheless, post-processing techniques 
like spatial filtering can be applied to remove these effects. 
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The low-cost hardware necessary to implement the proposed 
technique is one of the main advantages in comparison with 
a conventional V N A . Moreover, the possibility of measuring 
antennas where the the reference signal is not accessible 
provides a set of advantages during the measurement process. 

As for future work, the evaluation of this technique should 
be tested for cases like E M C , antennas with an internal source 
or massive M I M O . This will prove a validation of this low-cost 
technique for scenarios where the phase is not accessible and 
will allow source reconstruction for antenna diagnostics since 
it is performed in near-field. Furthermore, the technique should 
be tested for cylindrical and spherical near-field measurements 
to check the performance of the receiver when the dynamic 
range is taken to the limit over the entire measurement surface. 
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