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Abstract

With this contribution, the results of the measurement
campaign performed with a synchronously distributed an-
tenna array testbed operating at the center frequency of
3.686 GHz are presented. For the first time, to the best of
the authors’ knowledge, the electric field distribution indu-
ced by coherent downlink transmission was experimentally
assessed in the proximity of the target receiver using a ca-
librated electromagnetic field probe. This allowed to quan-
tify the actual observed electric field gain and the shape of
the electric field enhancement region around the target re-
ceived. It was found that 16 transmitting antenna elements
enhance the root-mean-square electric field level by about a
factor of two, in a 2.5λ neighborhood of the target receiver.
In addition, a possible disruption of the propagation envi-
ronment due to the probe movement was assessed through
the real-time channel state information feedback.

1 Introduction

Wireless communication systems of the fifth generation
(5G) started to employ large antenna arrays at the base sta-
tion (BS) side, and the number of the antenna array ele-
ments is expected to increase in the future [1]. Antenna ar-
rays operating in the Time-Division-Duplex regime use dy-
namic precoding schemes to boost the electromagnetic field
(EMF) level around a target receiver, and thus its received
signal strength, based on the wireless channel state commu-
nicated by the receiver in the uplink. Currently, numerous
measurement campaigns studied the wireless channel pro-
perties of such reciprocity-based systems [2–4], based on
which key performance characteristics of the wireless link
can be derived, e.g., the bit error rate or channel capacity.
Contrary to that, not much is known about the actual EMF
distribution in proximity of the target receivers. Measure-
ments in [?, 5] used channels estimated at a receiver that
was attached to a linear actuator to reconstruct the spatial
channel correlation function. The correlation function mag-
nitude is proportional to the power received at a particular
location, that can be used as a proxy for the EMF strength.
One major limitation of this approach is that, as the abso-
lute received power and the receiver antenna factor were not
known, only the relative EMF level could be estimated. In

addition, this approach is sensitive to the polarization mat-
ching between the transmitting and receiving antennas, and
thus it does not yield the full vector E-field magnitude.

The paper describes, for the first time, the actual electric
field gain in the downlink of a 5G distributed antenna ar-
ray testbed. A calibrated triaxial EMF probe was used to
assess the spatial distribution of the full vector electric field
root-mean-square (ERMS) magnitude around the receiver lo-
cation with a sub-wavelength spatial resolution.

2 Experimental setup
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Figure 1. Top view of the measurement setup (to scale).
The ‘PC1’, ‘PC2’, ‘SRM’ and ‘VELMEX’ blocks schema-
tically depict the testbed control PC, the probe/actuator con-
trol PC, the dedicated probe and the actuator control har-
dware, respectively, together with their interconnections.

2.1 Setup description

The top view of the experimental setup is schematically
shown in Fig. 1. The testbed consists of 16 transmitter (Tx)
antenna elements arranged in four sub-arrays of four ele-
ments each, in a straight line at the height of around 1.5 m,
as indicated in Fig. 1 with black crosses. The inter-element
distance in the sub-arrays is 65 mm, and the distance bet-
ween the sub-arrays’ centers is 450 mm. This results in a
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Data bandwidth 46.09 MHz
FFT size 128

Sub-carrier number 128
Sub-carrier spacing 360.1 kHz
Cyclic prefix size 32

Table 1. OFDM signal parameters.

total Tx array span of around 2 m. A single receiving (Rx)
antenna element was positioned at the same distance from
the ground and at the shortest distance from the Tx array
line of around 2.7 m (as indicated in Fig. 1 as ‘Rx’). Both
Tx and Rx elements are wideband single-element substrate
integrated waveguide cavity-backed slot antennas with a
gain of 5.4 dBi at 3.686 GHz [6]. The Tx-Rx system con-
tinuously transmits the OFDM signals, the parameters of
which are summarized in Table 1, at the center frequency
of 3.686 GHz. It is controlled from PC1, which is schema-
tically shown in Fig. 1 with a rectangle. All the remotely
distributed antennas are connected in a synchronous man-
ner to the centralized unit on the PC1 via multi-mode fi-
bers. The tight phase synchronization among these anten-
nas is guaranteed by extracting the clock from the data on
fiber [7].

In addition, a motorized 3D Cartesian actuator (VELMEX)
was placed in proximity of the Rx antenna. The actuator
had a wideband (900 MHz-6 GHz) triaxial EMF probe atta-
ched to its moving arm, shown with the circle in Fig. 1. The
probe was connected to the Narda SRM-3006 field strength
analyzer, shown with the rectangle in Fig. 1 and is further
referred to as the SRM. The actuator and the SRM were
remotely operated from PC2. The PC1 and PC2 were in-
terconnected via the BSD Socket interface (over Ethernet,
using the TCP protocol), which allowed for the coordinated
control of the testbed, the probe positioning, and the mea-
sured EMF level acquisition.

2.2 Experiments

With the EMF probe at the initial position (depicted in
Fig. 1 as ‘Rx’), the channel vector to the single Rx an-
tenna h ∈ C16×128 was estimated, where the first dimen-
sion (m = 16) tracks the Tx element index, and the second
(n = 128) - the sub-carrier index. Three experiments were
conducted:

1) The first experiment assesses the EMF distribution
around the initial Rx location while the Tx array targets
that location with the Maximum Ratio Transmission (MRT)
precoding by applying the transmit weights t ∈ C16×128.
The Rx antenna itself is removed from its initial location
to allow the EMF probe to move freely along the straight
line for a total distance of 1 m (depicted as the dashed line
in Fig. 1, the x-axis). The y-coordinate of the EMF probe
coincides with the y-coordinate of the Rx antenna’s initial
location during this experiment. Four 1D-scans along the
x-axis were performed, at the EMF probe center z-offsets

of -100 mm, 0 mm (coincident), 100 mm, and 200 mm re-
lative to the Rx antenna center z-coordinate. Furthermore,
one additional 1D-scan with 0 mm z-offset was performed
with the Tx transmission turned off in order to obtain the
background EMF level.

2) The second experiment assesses the baseline to which
the MRT EMF enhancement is compared to. To establish
this baseline, the initial transmit weights vector t is alte-
red (’scrambled’) by multiplying each of its elements with
a pseudo-random complex number µ , sampled from a uni-
form distribution on the complex unit circle, i.e. µ = eiϕ ,
where ϕ is distributed uniformly in (0,2π). Multiplying the
transmit weights by µ randomly shifts the phase of each Tx
element, fully decorrelating the resulting transmission. Six
1D-scans as above are performed repeatedly, each with an
independently selected set of the phase-shifts µ .

3) The third experiment assesses the channel variation due
to the EMF probe and the actuator movement in the mea-
surement process. The Rx antenna is kept stationary at the
location indicated as Rx′ in Fig. 1, such that the EMF probe
is able to travel along the same track as in the first two ex-
periments (now in proximity to the Rx’s new position). At
each stationary position of the probe xi, the Tx estimates
the channel vector hi( fn). This is done for seven equidis-
tant locations of the probe along the 600 mm section of the
x-axis (with a 100 mm step), centered with respect to the
x-coordinate of the Rx′. The difference between the chan-
nel vector estimates hi( fn) indicates the amount of channel
variation resulting from the probe movement. However, no
EMF is measured in this experiment.

3 Results and discussion

3.1 Spectrum

Figure 2. The measured spectrum at the starting position
of the EMF probe (x = 0). The dashed green line shows
the total EMF strength (in terms of the RMS electric-field
strength) in the bandwidth occupied by the channel (Tx
on), while the black dash-dotted line shows the background
ERMS level (Tx off), and the solid blue line shows the dif-
ference of the two (the downlink signal). The dotted black
and red lines show the band limits and center, respectively.

The dashed green line in Fig. 2 shows the ERMS spectrum
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measured with the Tx transmitting random symbols preco-
ded using the MRT scheme based on the channel estimated
with the Rx at its initial location (indicated as Rx in Fig. 1).
The dash-dotted black line in Fig. 2 shows the background
ERMS spectrum measured with the Tx off at the same posi-
tion of the EMF probe. Each point in Fig. 2 is an integral
of the ERMS spectral density over the resolution bandwidth
interval of the SRM (≈ 156 kHz). The solid blue line in
Fig. 2 shows the difference of the two, which is taken to be
the downlink ERMS spectrum.

The ERMS contribution outside the Tx band of 3.686±
0.023 GHz (delimited with two vertical black dotted lines in
Fig. 2) is negligibly small compared to the in-band signal.
A relatively low ERMS level around fc (marked with the dot-
ted red vertical line in Fig. 2) results from the three OFDM
DC sub-carriers at the center of the band (about 1.08 MHz
wide) [7].

3.2 ERMS spatial distribution

Figure 3. The ERMS variation along the x-axis (see Fig. 1).
The black color lines show the MRT-precoded ERMS for dif-
ferent z-offsets. The solid red line shows the average ERMS
with scrambled channels (no precoding), and the shaded re-
gion around it shows the ERMS variation across six measu-
rement runs.

The in-band integral of the Tx-induced ERMS is calculated
at every position of the probe in several scenarios shown
in Fig. 3. Fig. 3 shows that in each of the four 1D-scans,
the ERMS maximum is observed at the probe x-coordinate
coinciding with the Rx (∆x = 0). This is expected, as the
linear array radiation pattern is selective in azimuth and lar-
gely uniform in elevation. In addition, two auxiliary local
maxima at ∆x ' ±4λ are seen. These are induced by the
grating lobes of the array pattern, resulting from the sub-
array separation distance significantly exceeding one wave-
length. Interestingly, the highest ERMS of around 0.4 V/m
at ∆x = 0 is observed at 100 mm and 200 mm above the Rx
position (∆z = 100 and 200 - the dashed and dotted lines
in Fig. 3). This is likely caused by reflections in the en-
vironment, e.g., back-scattering from the wall opposite to
the Rx location (see Fig. 1). The ERMS observed with the
scrambled channels (red line and shaded region in Fig. 3)

is nearly constant across the entire x-axis span of 1 m and
equals around 0.16 V/m. The ERMS enhancement region
cross-section size is calculated as the distance between the
two points at which the MRT-precoded ERMS falls down to
the scrambled ERMS level. It is estimated to be just over
200 mm (2.5λ ), which is around half of the estimate in [5].
This is likely due to the increased aperture of the distribu-
ted linear Tx array (relative to the wavelength), compared
to the collocated planar array in [5].

With this, the ERMS array gain G ' 2 is calculated as the
ratio between the peak ERMS (' 0.34 V/m, as observed at
the Rx location, ∆z = 0) and the average ERMS value ob-
served with scrambled channels at the same location. This
is around twice lower than the theoretical maximum ERMS
MRT gain [8] Gmax = 4 for a MIMO system with 16 Tx ele-
ments. One of the possible reasons for this is an imperfect
phase synchronization between the Tx elements, caused by
phase noise/jitter and quantified in [7]. Another - the EMF
probe movement between the measurement positions viola-
ting the channel stationarity condition, assessed in the third
experiment, the results of which are discussed below.

3.3 Channel correlation

Figure 4. The correlation matrix of the Rx channel vectors
with the EMF probe at different locations.

As noted above, changing the EMF probe position alters
the wireless channel. Fixing the channel estimated at the
initial probe position for the whole duration of the first ex-
periment sets the constant transmit weights that maximize
the Rx power, i.e. moving the probe in proximity of the Rx
location reduces the MRT gain at that position. To quantify
this effect, the channel correlation function

gi j =
1

128

128

∑
n=1
|(h̄i( fn), h̄ j( fn))|, (1)

i.e. the sub-carrier average of the normalized channel vec-
tors’ pair-wise inner product is calculated at every position
of the probe in the third experiment. In (1), h̄i( fn) are hi( fn)
normalized, such that gii = 1, ∀i. Thus, gi j = 1 for h̄i and
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h̄ j spanning the same linear channel subspace for all sub-
carriers, and gi j = 0 for strictly orthogonal h̄i and h̄ j. The
values of gi j for i, j ∈ [0,6] are shown in Fig. 4.

The gi j values in the central row (i = 3, or ∆x = 0) do not
fall below 0.75, meaning that the ERMS measured at the Rx
location is at most 25% below its actual value. This puts the
upper bound on the amount of channel decorrelation caused
by the probe, assuming this effect is equivalent for Rx′ and
the initial Rx position. Overall, g45 has the lowest value of
around 0.6. Generally, higher gi j in the top-left and bottom-
right corners of in Fig. 4 indicate that the probe movement
further away from the Rx cause less channel decorrelation.

4 Conclusions

This contribution presented the first direct calibrated mea-
surements of the EMF enhancement in downlink of a syn-
chronous distributed antenna system. The average E-field
gain of around 2 was experimentally obtained, and the size
of the enhancement region was estimated at around 2.5λ

with 16 Tx antenna elements. The inherent accuracy limi-
tation of the presented method was assessed with real-time
channel measurements.
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