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Abstract—It is well documented that the achievable throughput
of MIMO systems that employ linear beamforming can signif-
icantly degrade when the number of concurrently transmitted
information streams approaches the number of base-station an-
tennas. To increase the number of the supported streams, and
therefore, to increase the achievable net throughput, non-linear
beamforming techniques have been proposed. These beamforming
approaches are typically evaluated via simulations or via simplified
over-the-air experiments that are sufficient for validating their
basic principles, but they neither provide insights about potential
practical challenges when trying to adopt such approaches in
a standards-compliant framework, nor they provide any indi-
cation about the achievable performance when they are part
of a standards-compliant protocol stack. In this work, for first
time, we evaluate non-linear beamforming in a 3GPP standards–
compliant framework, using our recently-proposed SWORD re-
search platform. SWORD is a flexible, open for research, software-
driven platform that enables the rapid evaluation of advanced
algorithms without extensive hardware optimizations that can
prevent promising algorithms from being evaluated in a standards-
compliant stack. We show that in an indoor environment, vector
perturbation–based non-linear beamforming can provide up to
46% throughput gains compared to linear approaches for 4 × 4
MIMO systems, while it can still provide gains of nearly 10%
even if the number of base-station antennas is doubled.

I. INTRODUCTION

Non-linear beamforming/precoding has been proposed as an
efficient method to improve the performance of the traditional,
linearly-precoded MIMO systems [1]–[6]. Still, the evaluation
of non-linear precoders has mainly been based either on link-
level simulations, or on simplified over-the-air (OTA) exper-
iments where the corresponding processing takes place off-
line [7]. Such evaluation approaches can efficiently validate the
proposed concepts, but are not adequate to identify and resolve
issues related to the adoption of new algorithmic approaches by
actual wireless standards, or to evaluate any actual performance
gains, or drawbacks, when the full protocol stack (with the
corresponding standards-compliant signalling) is involved. To
identify and resolve such challenges, as well as to evaluate
the actual gains of advanced algorithmic approaches in mobile
systems, it is necessary to realize them in a full-stack, 3rd

Generation Partnership Project (3GPP) standards–compliant
environment.

In this direction, an appropriate research framework is re-
quired that would allow not only for the evaluation of ideas
in a full-stack, standards-compliant setting, but also for the
investigation of computationally-intensive approaches without
any time-consuming hardware development. This last aspect is
of particular importance in the case of non-linear precoders,
where the computational complexity is high.

There is a number of both commercial and open-source plat-
forms that can be used for conducting research and prototyping
of new physical-layer approaches in a standards-compliant
environment (e.g. OpenAirInterface (OAI) [8], srsLTE [9],
openLTE [10], LTE Application framework [11], Amarisoft
[12]). Still, the capabilities of these platforms are currently
limited either to basic transmission modes (e.g., single-antenna
transmission), or to very low-order multiple-input multiple-
output (MIMO) dimensions. In addition, in order to conduct
OTA tests, tight real-time (RT) requirements need to be met,
which limit the approaches that can be tested to only those
with very low complexity. Consequently, existing platforms
are not appropriate for the evaluation of non-linear precoding
approaches. In order to circumvent these limitations, in this
work we employ and extend our recently-proposed SoftWare
Open Radio Design (SWORD) platform. SWORD supports
large/massive MIMO setups in a 3GPP standards–compliant
framework, as well as a new “pseudo-RT” operation mode
that enables the rapid realization and OTA testing of highly-
complex algorithms [13]. As a part of SWORD we also pro-
posed a digital signal processing (DSP) acceleration framework
which reduces the execution time of computationally expensive
MIMO operations by up to 88% [14]. Our evaluations presented
here focus on an indoor transmission environment. This is
not only because it is more practical in terms of obtaining
measurements, but also since such indoor environments can
substantially vary in terms of the MIMO channel condition
(as we show in detail). Therefore, it allows us to relate the
performance of non-linear precoding with specific transmission
cases. In particular, we characterize the transmission channel in978-1-7281-4490-0/20/$31.00 © 2020 IEEE



each measured location and discuss its impact on the gains of
non-linear beamforming. We show that the channel condition
can be a good (but not conclusive) indicator of the level of
gains that can be achieved. This is highlighted by gains of up
to 46% of non-linear beamforming when compared to a linear
approach. To the best of our knowledge, this is the first time that
a non-linear technique for multi-user (MU)-MIMO precoder is
investigated in a full-stack, 3GPP standards–compliant setting,
and related to specific transmission conditions.

II. NON-LINEAR PRECODING

Most existing MU-MIMO systems and research platforms
employ linear processing for downlink beamforming, e.g., [15]–
[20]. However, it is known that linear precoding techniques can
provide satisfactory performance only when the transmission
conditions are favorable (e.g., when the number of concurrently
transmitted information streams is significantly smaller than the
number of base-station antennas). To create an advantageous
transmission condition, current MIMO testbeds are equipped
with large numbers of antennas (e.g., tens or even hundreds)
and support only a small number of users [17], [18], [21], which
leaves on the table a lot of unexploited MIMO capacity. Still,
as we show in Section V, even when the number of transmitted
streams is much lower than the base-station antennas, the
transmission condition can be unfavorable to linear precoding
methods.

Employing optimal, non-linear processing (e.g., dirty paper
coding–based techniques [1], [22]) can significantly increase
the achievable throughput of MIMO systems [1]. In this direc-
tion, vector perturbation precoding can bridge the gap to the
capacity limit, currently left unexploited by linear [17] and even
sub-optimal non-linear [23] precoding techniques. In particu-
lar, non-linear precoders [1]–[6] perturb the constellation data
symbols to maximize the received SNR. However, the latency
and/or complexity of algorithms—such as sphere encoding—
that calculate the perturbations are variable and can become
impractical for large MU-MIMO systems. Therefore, most of
the existing work in literature involving vector perturbation
precoding are limited to link-level simulations [1]–[6].

The high latency and/or complexity requirements of tradi-
tional vector perturbation precoding combined with the sat-
urating speed of processors, motivates a timely requirement
for massively parallel processing [24]. In this work we adopt
the recently-proposed massively parallel vector perturbation
precoder of [7], which extends from our recently proposed
generalized framework for massively parallel processing [25],
[26], that can substantially reduce and fix the latency and/or
complexity requirements of vector perturbation precoding. In
particular, the adopted precoder can approach the throughput
achieved by sphere encoding approaches with orders of mag-
nitude lower complexity and with latency requirements similar
to that of linear precoding [7].

It is interesting to note that none of the evaluations of the
above approaches consider the impact of higher layers of the
protocol stack, practical transmission rates, or other imple-
mentation challenges that affect the system-level throughput in

a standards-compliant environment. In addition, since all the
above approaches are highly-complex, a real-time evaluation
of these in a 3GPP-compliant framework would require a
substantial hardware implementation effort.

III. NON-LINEAR EVALUATION VIA SWORD PLATFORM

As discussed previously, having a proper research platform
is crucial for boosting innovation and accelerating the develop-
ment of novel physical-layer approaches. This is necessary not
only to enable the evaluation of new physical-layer solutions
in more realistic transmission scenarios, but also to permit
researchers to rapidly identify and resolve any practical issues
related with the use of such techniques in the actual wireless
standards.

An important aspect of such a platform, as previously
mentioned, is the capability for evaluating new approaches
without the need for meeting strict timing requirements related
with the RT execution. This is particularly important for the
investigation of novel, computationally-intensive physical-layer
techniques, such as non-linear beamforming. Traditionally, to
circumvent the requirements related to the RT execution, re-
searchers turn to non-RT processing in which a pre-generated
signal is transmitted, sampled and then stored in a raw format
on the receiver side for offline processing [7], [27], [28]. How-
ever, as this approach fails to capture dependencies between
consecutive events (e.g. an erroneous reception is not followed
by a retransmission), it is not suitable in the context of system-
level evaluations with a full-protocol stack. Alternatively, a less
commonly-used approach in which a pause period is introduced
between the processing of consecutive transmission periods can
be used instead. To the best of our knowledge, such a feature
is not present in pre-existing research platforms.

Another important aspect of a research platform which is
suitable for the investigation of non-linear beamforming is its
capability to support large/massive MIMO setups. Although
possible solutions exist (see e.g. LuMaMi [19], RENEW [29]),
they are not designed to be used for evaluations as a part of
a full 3GPP-compliant protocol stack. We note that there are
also several research platforms which are specifically designed
for the investigation and prototyping in a 3GPP standards–
compliant environment (e.g. OAI [8], srsLTE [9], openLTE
[10], or LabView based LTE Application Framework [11]).
Still, as already discussed, these solutions do not yet provide
support for large/massive MIMO setups.

In order to address the above shortcomings, here we employ
our recently-proposed SWORD platform which is capable of
supporting large/massive MIMO setups, with a complete 3GPP
Long-Term Evolution (LTE)-compliant protocol stack imple-
mented in software [13]. SWORD was specifically designed
for rapid development, profiling, validation and testing of new
approaches for next-generation networks. It was built around
OAI which is currently the only software solution (except for
a closed source solution by Amarisoft [12]) that provides an
implementation of a full 3GPP protocol stack. In addition,
OAI supports time-division duplexing (TDD) operation, which
is suitable for large/massive MIMO systems. Furthermore,



contrary to commercial solutions (e.g. LabView based LTE
Application Framework [11]), it is freely available.

In order to use SWORD for the investigation of non-linear
beamforming, we developed a number of extensions compared
to the first iteration of the platform described in [13]. The
first extension includes changes in the Radio Resource Control
(RRC) signaling to indicate the use of non-linear beamforming
to user equipment devices (UEs). This was necessary to indicate
the use of perturbation by the base station (BS) which needs
to be properly handled on by a UE. Further, as vector pertur-
bation applies a modulo operation at the receiver, we modified
the UE processing of the physical downlink shared channel
(PDSCH) to perform this operation. In addition to the above,
we introduced a pilot boosting scheme. This was necessary to
compensate for channel estimation errors (we found that, due to
larger transmitted symbol constellation, non-linear approaches
are more sensitive to errors in downlink channel estimation).
Modifications to the sounding reference signal (SRS) power
control to prevent partial loss of channel state information was
also introduced.

The hardware components of the SWORD platform are
placed in a movable rack to allow for measurements in different
locations. As indicated in [13], the main hardware component
of the platform is a multi-core workstation with multiple PCIe
slots which are used for inter-connection with a number of
Universal Software Radio Peripheral (USRP) X310 modules.
The synchronization and phase alignment across multiple US-
RPs in SWORD is achieved through the use of Ettus Research
Octoclock-G CDA-2990 [30]. The RX and TX paths of each
radio chain in the setup are connected via a circulator to an
antenna port, which on the BS side is located on an antenna
array. On the UE side, antennas are interconnected with their
corresponding USRPs via long, low-attenuation cables, and are
placed on portable trolleys (see Fig. 2). Note that in the current
iteration of the SWORD platform external power amplifiers are
not used. This limits the maximum range which in turn restricts
the types of scenarios that can be evaluated.

IV. MEASUREMENT METHODOLOGY

The objective of the measurements is to evaluate the non-
linear beamforming gains compared to linear precoding, in a
3GPP-compliant framework, and to relate the results to the
transmission environment. As a metric of the how advantageous
the channel is for multi-user transmissions, we chose the
channel matrix condition number, and we found that it functions
as a useful indicator of the potential gains of non-linear (NL)
over linear zero forcing (ZF) precoding.

The condition number of the MIMO channel matrix is a
useful metric and provides an indication of how far the MIMO
channel is from an orthogonal condition. The condition number
of the channel matrix is defined as

κ(H) =
σmax(H)

σmin(H)
, (1)

where H is the channel matrix and σmax(H) and σmin(H)
are the largest and smallest singular values of H, respectively.

Fig. 1: Floorplan showing the measurement locations.

Fig. 2: SWORD setup placement in Location 7.

Smaller values of the condition number are preferred since
they indicate that a MIMO channel instance is auspicious for
multi-user transmissions and the signal processing needed for
successful detection and precoding is small. However, high
values reflect an ill-conditioned channel, and in this case linear
processing performs poorly, due to the existence of a small
singular value [31]. NL techniques are able to improve perfor-
mance in such situations at the cost of a higher computational
overhead.



In the general sense, MIMO scenarios where the BS has
many more antennas than the total number of UE antennas
have a low channel matrix condition number, while in cases
where there is an equal or a nearly equal number of BS and
UE antennas, the condition number is higher [32].

The tests were performed in indoor locations, since these are
rich in multipath and provide the opportunity for diverse multi-
user environments, due to the existence of multiple reflective,
obstructive, and scattering surfaces. Seven indoor locations
within 3 floors of the University of Surrey’s Institute for
Communication Systems building were selected to conduct
the measurements; a floorplan of the placement of the BS
and UEs is depicted in Fig. 1, with a photograph of one
of the locations presented in Fig. 2. The measurements were
performed without external power amplifiers (PAs), and due to
the limited output power, all locations selected for the indoor
measurements had a line-of-sight (LOS) or partially-obstructed
LOS path between the BS and each UE. Still, despite the high
SNR, the selected locations were demanding due to the linear
dependence factor that is introduced from LOS components
which make beamforming more challenging when a limited
number of BS antennas are used (e.g. overlapping side lobes
lead to inter-user interference). All positions were chosen to
have distinct characteristics in terms of location and existence
of reflection surfaces as well as objects which can scatter the
transmitted signal.

As discussed, for NL precoding, the algorithm implemented
was the massively parallel non-linear precoder described in [7],
with the number of parallel processing paths set to 32; this
value was selected since it was observed that it provides a
good trade-off between error performance and computational
complexity. The measurements were conducted for downlink
(DL) transmissions in 4 × 4 and 8 × 4 MU-MIMO scenarios,
for linear and non-linear precoding approaches1. The platform
was set to operate in TDD mode with the LTE DL/uplink (UL)
slot configuration number 3 (i.e. 6 DL slots, 3 UL slots and 1
Special Subframe [33]). The carrier frequency selected for the
measurement was 3.55 GHz, with a channel bandwidth of 5
MHz. The antenna array used for measurements was a 3.4−3.8
GHz, 128-element rectangular array of dual-polarised ±45◦

crossed dipole pairs arranged in an 8 × 8 fashion. However,
note that only the +45◦ elements of the first row of the array
were employed during measurements, making it equivalent to
a uniform linear array (ULA). The MU-MIMO scheduler was
set such that physical resource block assignment was the same
for all the UEs.

Making use of channel reciprocity, the channel estimates at
the transmitter were obtained via UL SRS pilots, which were
transmitted at every frame. To reduce the effect of thermal
noise, in all tests a moving average filter was applied to
the SRS channel estimates. Further, to compensate for any
phase drift, each measurement instance was preceded by the

1Note that simultaneous transmission of up to 8 spatial streams is supported
by 3GPP LTE, but existing signaling permits only for up to 4 UEs to be
scheduled in MU-MIMO transmission.

TDD reciprocity calibration procedure. The TDD calibration
was followed by a 50-frame warm-up period which was used
to determine optimal modulation and coding scheme (MCS),
so that the throughput was maximized. A simple algorithm
was designed for this purpose based on the tracking of the
erroneous and correctly received transmission in DL direction.
In addition, in order to reduce the impact of human movement
on measurements, the experiments were conducted in confined
areas or during night-time. As the platform operated in the
“pseudo-RT” mode, this was of particular importance due to a
delay between the collection of SRS channel estimates and the
exploitation of those measurements for beamforming purposes.
Note that in [13] we successfully demonstrated that “pseudo-
RT” mode can be used to provide accurate performance for
beamforming in static MIMO scenarios.

V. MEASUREMENT RESULTS

This section presents the results and insights obtained from
the experiments. The relative gains of the NL precoding tech-
nique against the baseline ZF for 4× 4 and 8× 4 MU-MIMO
are presented in Fig. 3 and Fig. 4, respectively. These plots
involve the NL throughput gains for each of the tested indoor
locations.

The results in Fig. 3 show that in the 4× 4 MIMO case, all
the measurement positions exhibit a throughput improvement
through the use of NL precoding, with the most gains in
Locations 5 and 7 (46% and 42%, respectively), and an average
gain of approximately 24%. In the case of the 8 × 4 MIMO
scenario (Fig. 4), a more modest throughput gain is obtained
through the use of NL precoding, with an average gain of
approximately 4%. The largest gains are obtained in Locations
5 and 6 of approximately 8%, and a very small improvement
in Locations 1, 3, and 7. Note that the large difference in the
gains between the 4-antenna BS setup and the 8-antenna setup
is expected. This is related to the channel matrix which is better
conditioned for the 8 × 4 case. As discussed in Section IV,
when the condition number is low, simple, linear precoding
techniques are able to provide good performance, thus limiting
the potential benefits of using advanced non-linear methods.

This phenomenon is evident in the condition number of the
MU-MIMO scenarios tested. Fig. 5 and Fig. 6 show the empir-
ical cumulative distribution function (CDF) of κ(H) for 4× 4
and 8× 4 MIMO, respectively, for each measurement position
tested, where the variation is amongst the orthogonal frequency-
division multiplexing (OFDM) subcarriers. The figures show
that the condition number of 8× 4 MIMO is lower in average
than that of 4× 4 MIMO; the maximum condition number for
the 8 × 4 case was approximately 9, while for the 4 × 4 case
it was over 40.

Moreover, within the results for each MIMO size, the NL
precoder offers higher throughput gains compared to ZF for
locations with higher condition numbers, in general. This can
be observed when comparing the condition number depicted in
Fig. 5 and Fig. 6 to that of the throughput gain presented in
Fig. 3 and Fig. 4. It is observed that in the locations with a
higher condition number (Locations 5 and 7 for the 4-antenna
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Fig. 3: Relative downlink gain of NL vs. ZF for the 4×4 MU-
MIMO configuration in each of the measurement positions.
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Fig. 4: Relative downlink gain of NL vs. ZF for the 8×4 MU-
MIMO configuration in each of the measurement positions.

BS and 4, 5, and 6 for the 8-antenna case) have higher NL
gains. However, locations with a higher condition number do
not result in throughput gains in all cases (as in Locations 2
and 4 for the 4× 4 MIMO case).

The previous results confirm that the condition number is a
good indicator of the potential gains offered by NL precoding,
but as a scalar metric, it does not describe the full MIMO
environment, hence additional metrics may be needed. Such
additional metrics would be helpful to better characterize the
MIMO environment and could be used to predict, as an
example, the optimal MCS that each data stream / UE should
use.

VI. NON-LINEAR BEAMFORMING IN 5G

As discussed in [13], SWORD does not yet fully support the
3GPP 5G New-Radio (NR) standard. However, the non-linear
beamforming algorithms are independent of the underlying
system and similar extensions would be sufficient for applying
them to coming and future mobile standards. In 5G NR the
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Fig. 5: Empirical CDF of MIMO channel matrix condition
number for the 4 × 4 MIMO configuration in each of the
measurement positions.
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Fig. 6: Empirical CDF of MIMO channel matrix condition
number for the 8 × 4 MIMO configuration in each of the
measurement positions.

gains of non-linear beamforming compared to linear can be
even higher than in the case of 4G LTE. This is because the
5G NR standards support a higher number of maximum infor-
mation streams than 4G LTE, which are 12 and 8, respectively
[33], [34].

VII. CONCLUSION

In this paper we presented over-the-air, system-level evalu-
ations of the performance of NL beamforming and compared
it to linear (ZF) beamforming. For the tests, we made use of
SWORD platform, which offers software implementation of a
3GPP standards–compliant protocol stack. By making use of
SWORD’s “pseudo-RT” mode, we avoided costly and time-
consuming optimizations required for real-time execution of NL
precoding algorithms. The measurements were conducted on 7
indoor test locations and for 8- and 4-antenna BS scenarios,
while serving 4 single-antenna UEs. The results confirm that
the physical-layer gains offered by NL precoding are reflected



at the system level, with throughput gains of up to 46% in the
case of 4×4 MIMO when compared to ZF, and gains of nearly
10% when the number of BS antennas is increased from 4 to
8. The behavior of the reduction in the gain when the number
of BS antennas increases from 4 to 8 is expected. This is
confirmed in general by the measurement of the channel matrix
condition number obtained from the propagation channels of
the test locations. However, as our measurements show, the
use of the condition number as a scalar metric does not reflect
the complete picture of the MIMO channel, and therefore the
use of additional metrics may be necessary to fully describe
the gains offered by NL precoding.
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