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Abstract—Exposed to strong co-channel/adjacent channel in-
terference, digital Multiple-Input Multiple-Output (MIMO) re-
ceivers require high dynamic range Analog-to-Digital Converters
(ADCs). Hybrid analog-digital beamforming featuring spatial
filtering before the ADCs can adaptively mitigate interference in
both the analog and digital domains; hence, relaxing the required
dynamic ranges of the ADCs. This paper demonstrates the
effectiveness of hybrid beamforming in this mitigation utilizing
adaptive Minimum Mean Square Error (MMSE) and Error
Vector Magnitude (EVM) as an optimization criterion. Extensive
EVM measurements are carried out with a conductive set-up
using a 4-element 22 nm FD-SOI CMOS prototype MIMO
receiver chip to verify the performance of the adaptive MMSE
algorithm. Over-the-Air (OTA) measurements with a linear 4-
element dipole antenna array with half-wavelength spacing in
the 2.4 GHz ISM-band quantify the improvement for real world
scenarios, e.g., having a multipath propagation channel and
mutual coupling between the antenna array elements. OTA
results show that a rejection of 22.5 dB and 24.5 dB can
be achieved on average in an in-door laboratory environment
utilizing Vector Modulator (VM) constellations with 16 and 64
points, respectively.

Index Terms—Adaptive spatial filtering, Hybrid beamforming,
Multiple-Input Multiple-Output (MIMO), Receiver, Vector Mod-
ulator, Interference rejection, Software-defined radio.

I. INTRODUCTION

D IGITAL MIMO systems have recently attracted increas-
ing attention, because they allow for spatial multiplexing

and diversity gains, improving link throughput and link relia-
bility. As the spectrum becomes heavily utilized in sub-GHz
bands, strong mutual interference can occur. Digital MIMO
offers a solution for efficient use of scarce radio spectrum
[1]. Although a digital MIMO receiver allows for spatial
filtering in the digital domain, thereby reducing interference,
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the RF front-ends and ADCs are still susceptible to strong
in-band interferers. Therefore, the distortion at the nonlinear
RF/Analog front-end and clipping effects at the ADCs can
easily degrade performance (see Fig. 1a). Hence, strong co-
channel/adjacent channel interference needs to be addressed.
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Fig. 1. (a) Digital MIMO receivers with separate receive chains are sus-
ceptible to a strong co-channel interferer; (b) Analog multi-beamforming can
reduce this interference while still receiving signals from all directions.

To overcome the distortion caused by the nonlinear
RF/analog front-ends and high dynamic range requirements
for the ADCs in digital MIMO receivers, hybrid beamforming
MIMO receiver architectures have been proposed [2]–[4].
RF/analog beamforming before the ADCs can reduce interfer-
ence by spatial filtering as shown in Fig. 1b, while identical
receive chains without analog beamforming all get exposed to
strong interference as in Fig. 1a. The focus of this work is to
show the effectiveness of hybrid beamforming in interference
mitigation. A few research papers partially address this, e.g.,
exploring the theoretical aspects of interference mitigation
by hybrid beamforming MIMO receivers [5], [6], but they
lack experimental results that show the effectiveness of spatial
filtering in practice. Reference [5] merely uses simulations to
show the reduction in the number of ADC bits and ADC power
consumption by adaptive spatial suppression. In [6], a design
technique was proposed for an optimal analog beamformer,
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minimizing the mean square error by online channel esti-
mation, i.e., estimating the statistics of the wireless channel.
Although interesting for our goal, reference [6] assumes that
only phase shift control is available in the analog domain
and it relies on simulation results only. A recent paper [7]
uses a passive block called a Spatial Interference Mitigation
Circuit (SMIC) placed before the RF front-end to create an
spatial notch for MIMO receiver elements. References [2]–
[4], [8]–[19] do demonstrate the design of interference robust
techniques using CMOS integrated circuit technologies in sub-
GHz bands. Only references [7], [10], [12] provide some
simple line-of-sight demonstrations. However, an adaptive
analog weight calculation is essential to support real-world
multi-path scenarios, and this was not addressed. Recently,
a few hybrid beamforming receivers have been presented at
millimeter-wave frequencies in [20]–[24].

In this paper, we propose a hybrid analog-digital beamform-
ing MIMO approach that can adaptively mitigate interference
problems in both the analog and digital domain. This requires a
multi-beam analog beamformer as in [4] and a digital back-end
to perform digital beamforming. Our previous research papers
[4], [25], [26] only present the implementation and char-
acterization of the proposed multi-beam analog beamformer
without adaptive signal processing. For the system-level EVM
measurements demonstrated in [25], [26], the beamforming
weights have been manually set assuming a simple line-of-
sight scenario and known angle-of-arrivals for the desired
signal and interferer. Moreover, the effect of the ADC’s
quantization noise has not been studied in [25], [26]. In this
paper, a control algorithm is proposed for adaptively rejecting
the interference while receiving all of the wanted signals from
all directions. This improves the signal-to-interference (SIR)
ratio, resulting in an interference robust RF/analog front-end.
Alternatively, it relaxes the dynamic range requirements for the
ADCs, so that power-efficient, low-resolution ADCs suffice for
analog-to-digital conversion. This is the main advantage of a
hybrid beamforming receiver over a fully digital beamforming
receiver. Rejecting the interferer already in the analog domain
allows more room to apply a higher gain to suppress the
quantization noise of the ADCs. We first validate the concept
of an adaptive solution for interference rejection utilizing a
MIMO Rx chip and well-defined conductive RF channel mea-
surements. Performing Over-the-Air (OTA) experiments, we
demonstrate that it also helps for realistic scenarios. Extensive
experimental results show the effectiveness of interference
suppression. We do this using two criteria: 1) interference
rejection before the ADCs, i.e., the amount of interference
rejection in the analog domain; and 2) Error Vector Magnitude
(EVM) that takes into account the performance of the whole
analog-digital system. EVM is a powerful metric to evaluate
link performance, e.g., distinguish noise and distortion effects
[26], or to evaluate the coverage range for a 5G millimeter-
wave link [27].

The paper is structured as follows. In section II, we sum-
marize the properties of our hybrid beamforming architecture
with a brief summary of our analog front-end chip [4], fol-
lowed by the description of the digital back-end. In section III,
we explain the adaptive spatial interference filtering technique.
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Fig. 2. (a) Conventional hybrid beamforming at sub-array level to reduce
ADC count, i.e., the number of antennas is much higher than N; (b) Proposed
hybrid analog-digital beamforming for interference mitigation with the number
of antennas and ADCs equal to N .

Then, we verify this algorithm using conductive measurement
in section IV and expose the MIMO receiver to interference
to demonstrate its effectiveness in interference mitigation.
We will demonstrate how hybrid beamforming can adaptively
address the interference problem and validate this by extensive
OTA experiments. Finally, we draw conclusions in section V.

II. HYBRID BEAMFORMING RECEIVER

A. Architecture

Hybrid beamforming MIMO transceiver architectures have
been proposed that are mainly aimed at large-scale antenna
arrays and recently for massive MIMO applications [28]–[32].
Fig. 2a shows the conventional hybrid beamforming where
RF/analog beamforming is performed at sub-array level to
reduce the number of RF/analog chains, e.g., downconversion
mixers and baseband circuitry, and more importantly the num-
ber of the ADCs. Complexity reduction in training overhead,
i.e., determining channel state information (CSI) between each
transmit and receive antenna, is another advantage. These
benefits, however, come at the cost of less flexibility in digital
signal processing. A recent survey on hybrid beamforming
for massive MIMO can be found in [33]. With the hybrid
beamforming MIMO receiver, shown in Fig. 2b, we target
rejecting strong co-channel interference effectively in a mixed
analog digital architecture. The number of antenna elements
is equal to the number of ADCs digitizing the same number
of analog beamformed outputs, such that each output has
contributions from all individual antenna signals. Because
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reconstruction of individual antenna signals is possible in the
digital domain, this architecture supports full MIMO function-
ality but with the added benefit of interference suppression
already in the analog domain. To do so, the digital back-end
has to adaptively control the analog pre-processing front-end
by performing online channel estimation while optimizing the
analog beamformer weights.

RF1

RF4

 Out 1

Constant-Gm VM

+ +

WRF, 11

LNTA

WRF,14

LNTA

WRF, 41

LNTA

WRF, 44

LNTA



 Out  4 

 Baseband
Gain

WRF, ij=|Wij|e
jij 

WRF, 11 WRF, 14

WRF, 21

WRF, 41 WRF, 44

W4×4=

VM 
Constellation 

Fig. 3. A 4-element RF/analog front-end consisting of 16 Vector Modulators
(VMs) realizing a 4 × 4 analog pre-processor [4]. The rotated square
constellation includes 16× 16 equidistant points.

B. Analog front-end

Our receiver front-end described in [4] features an interfer-
ence robust circuit implementation for hybrid beamforming.
The front-end, as shown in Fig. 3, implements a 4 × 4 pre-
processing matrix where analog complex weights are realized
using a “constant-Gm vector modulator” [4], [19]. The rotated
constellation square of an individual VM includes 16 × 16
equidistant points, allowing for flexible and programmable
reconfiguration of the front-end. Because of direct current do-
main beamforming, this architecture results in a highly linear
RF receiver front-end with wideband interference rejection, as
detailed in [4]. Moreover, it achieves a high output referred
intercept point (OIP3), a performance metric that is highly
relevant for receiver dynamic range.

In [4], we have explained the functionality of our front-end
using a simple intuitive example where we program weights
to produce a set of orthogonal beams. The idea is to enable
reception of signals from all directions, but manipulate their
strength so that a strong interferer is suppressed in all of the
outputs except for the one that points a beam towards the
strong interferer. We have assumed that the interferer’s angle-
of-arrival is known a priori in a simple line-of-sight scenario.
In this paper, however, we target smart adaptive approaches
that are effective for real-word scenarios where the interferer’s
angle-of-arrival is unknown.

III. ADAPTIVE SPATIAL INTERFERENCE NULLING
TECHNIQUE

A. System Model

Consider an uplink MIMO communication system where
the receiver is equipped with N antennas and communicates
with a single-antenna user (Fig. 4). In addition, co-channel
interference severely affects the received signal by transmitting
data on the same carrier frequency as the desired user. If the
narrowband condition holds for all propagation delays, the
equivalent discrete-time data can be modeled as:

x[k] = hs[k] + gi[k] + n[k] (1)

where the vector h = [h1h2...hN ]T represents the flat-fading
data channel while g = [g1, g1...gN ]T describes the channel
between the interferer and the receiver. The desired user and
interference symbols are denoted by s[k] and i[k], respectively.
n[k] is an N×1 vector and represents additive white Gaussian
noise (AWGN) with zero mean and E[nnH ] = N0I where N0

is the noise variance and I is an indentity matrix. In general,
an N -element MIMO receiver can reject N − 1 interferers.

As previously stated, we evaluated the proposed hybrid
beamforming in two different scenarios, conductive and over-
the-air (OTA). Therefore, the channels have been modeled
in two different ways corresponding to the scenarios. In the
conductive scenario, the desired user channel contains a single
dominant path, given by

h = [1, ejΦ, ..., ej(N−1)Φ]T (2)

where Φ = 2πd
λ cos(φ) represents the phase difference be-

tween two adjacent antennas signals, φ is the angle of arrival
(AoA), d is the antenna separation distance, and λ denotes the
carrier wavelength. Similar to the desired user, the interferer
channel can be modeled as

g = [1, ejΘ, ..., ej(N−1)Θ]T (3)

where Θ = 2πd
λ cos(θ) is the inter-antenna phase difference,

and θ represents AoA of the interference signal. As direct and
reflected paths affect the channel characterization in the OTA
scenario, we consider multi-path channel modeling for both
the desired user and the interferer. The data-channel vector is
represented as

h =

L∑
`=1

α`a(φ`) (4)
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Fig. 4. A single-user uplink MIMO communication system where the receiver
is exposed to a strong uplink user in a nearby cell.
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where L is the number of paths, α` is the complex gain of the
`th path, a(φ`) = [1, ej(

2πd
λ cos(φ`)), ..., ej(N−1)( 2πd

λ cos(φ`))]T

denotes the antenna array response between the desired user
and the receiver, and φ` shows the angle of arrival of the `th

path. The interferer-channel is given by

g =

L∑
`=1

β`a(θ`) (5)

where β` denotes the complex gain of the `th path, and the
antenna array response between the interferer and the receiver
is represented by a(θ`).

The hybrid beamforming system described in the previous
section consists of an N × N analog pre-processing matrix
(WRF), a group of N RF chains, and an N × 1 digital
beamformer vector. The analog beamformer nulls the interfer-
ence and maps the antenna signals to N data streams. They
are further decoupled by the digital beamformer to decode
the desired user data, denoted by ŝ. Given the analog pre-
processing matrix, the discretized and downconverted analog
outputs can be written as:

y[k] = WH
RFx[k]. (6)

Each entry of WRF is a complex number representing a setting
of an analog RF vector modulator. The final post-beamforming
signal is obtained by applying the digital beamformer:

ŝ[k] = wHBBy[k]. (7)

B. Digital Beamformer Design

For the given WRF, the digital beamformer is determined by
applying the minimum mean square error (MMSE) estimator:

wBB = arg min
wBB

E||s[k]− wBB
Hy[k]||2

wBB = R−1
y rys (8)

where Ry = E{y[k]yH [k]} and rys = E{y[k]sH [k]}. De-
termining wBB requires access to training (pilot) signals and
all antenna outputs, which is possible thanks to the N data
streams produced by the analog front-end. Calculating wBB is
relatively straightforward when WRF is given. Therefore, the
main focus is on designing the analog pre-processing part.

C. Analog Pre-processor Design Based on MMSE Algorithm

This sub-section describes how to set the analog beam-
former weights by utilizing the MMSE beamformer targeting
to minimize the mean squared error between the desired user
data and the digital beamformer’s output. WRF is quantized
and can be selected from a discrete set of vector modulator
settings, a set of complex coefficients with different phases and
amplitudes. We also assume high-resolution ADCs to ensure
the quantization error is not the dominant limiting factor in
the design.

The problem is to find the settings for both the analog
and digital beamformer that minimize the error between the
training (pilot) signals and the received signal after analog

and digital beamforming. Therefore, the problem can be
formulated as follow:

WRF = arg min
wBB,WRF∈DN

E||s[k]− wBB
HWRF

Hx[k]||2 (9)

where D is a dictionary, containing all possible N ×1 vectors
that each column of WRF can take, and DN represents the
set of all possible combinations of settings for N vector
modulators. To solve (9), the quantized matching pursuit
algorithm [6] has been chosen. It is a greedy technique that
recursively selects a vector from the dictionary to find the input
vector’s best approximation. By taking the steps described in
[6], each column of matrix WRF can be determined as:

wRFi = arg max
wRFi

∈D

∣∣wHRFirxs
∣∣∥∥wRFi

∥∥ (10)

where, wRFi = Rx
1/2wRFi , rxs = Rx

−1/2rxs and D =

Rx
1/2D. This algorithm requires exhaustive search through

the dictionary to obtain each column of WRF.

D. Impact of the ADC resolution

Quantization errors in the ADCs can be modeled as follows:

y = yq[k] + eq[k]. (11)

For uniformly quantized signals eq is within half LSB of the
ADC. The total quantization noise power is given by:

Pq =
1

12
∆2 (12)

where ∆ denotes the LSB size. The effective input-referred
quantization noise within the bandwidth of the desired signal
can be obtained as follows:

Pq,input-referred[dBm] = Pq[dBm] + 10log
(

2BW

fS

)
−Gain[dB]

(13)
where BW , fS , and Gain are the bandwidth of the desired
signal, sampling rate of the ADCs, and the total gain of
the front-end, respectively. For a given ADC resolution and
sampling rate (fS), the gain of the front-end has to be high
enough to avoid the quantization noise dominating over the
thermal noise of the front-end. This is standard practice for
digital arrays as well. Thermal noise is usually set to be at
approximately one bit above the quantization noise floor of
the ADC in fully-digital arrays.

IV. EXPERIMENTAL RESULTS

A. Conductive measurements

Measurements were performed to obtain EVM plots versus
signal input power to evaluate the effectiveness of spatial
filtering. The conductive measurement setup, as shown in Fig.
5, is used to evaluate the system performance in a controlled
fashion. An interference signal emulating a wavefront arriving
from spatial angles of −90◦ to +90◦ is produced using
external phase shifters. A desired signal having a broadside
angle-of-arrival is emulated using power splitters. The differ-
ential receiver outputs are sensed using four active probes
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Fig. 5. Conductive measurement set-up of a 4-element antenna emulation system using external phase shifters. One interferer having a variable spatial angle
and a desired signal at fixed broadside direction are applied to the MIMO Rx chip.

and applied to a 4-channel High Definition Oscilloscope
(HDO6104A) for data acquisition and digital signal processing
in MATLAB. To simplify the measurements only the I-outputs
are used, and the receiver front-end is set up as a low-IF
system operating at fIF = 10 MHz. A single carrier 0.5-
MSymbols/s QPSK desired signal at fRF = 2.47 GHz and
a root cosine pulse shaping filter with β = 0.35 is generated
while a Pseudo Random Binary Sequence (PRBS) data was
used. We have chosen a low symbol rate of 0.5-MSymbols/s
to simplify over-the-air measurements as it does not require
channel equalization techniques. The efficacy of interference
suppression for wideband interference can be affected by the
delay-phase approximation [18], which holds for narrowband
systems. However, in [25], we have experimentally demon-
strated that our MIMO Rx front end can effectively reject
wideband interference with a symbol rate as high as 50
MSymbols/s. For QPSK digital demodulation, the following
steps were taken: After frequency downconversion and low
pass filtering, symbol timing synchronization is performed
using the Gardner’s timing error detector [34]. Then, a Costas
loop [34] is used to perform carrier phase recovery. Finally,
frame synchronization to find the first symbol is done by cross-
correlation.

In our first experiment, the signal power is swept and EVM
is measured. The resulting EVM plot is shown in Fig. 6. As
explained in [26], there are 3 regions that we refer to as 1)
noise-limited; 2) best EVM; and 3) distortion-limited regions.
In the noise-limited region, the SNR in dB is related to the
EVM as SNR = −20log (EVM(%)/100) assuming additive
white Gaussian noise such as the receiver’s thermal noise. This
region can be affected by the quantization noise as well. EVM
in the distortion-limited region, i.e., high signal power levels,
depends on the in-band linearity of the receiver (OIP3). OIP3
is almost independent of gain; hence, the front-end gain affects
the input power level at which the distortion starts to degrade
the EVM.

Fig. 6. Measured EVM versus input power for a 0.5-MSymbols/s QPSK
signal and Gain=32 dB.

To verify the effectiveness of the MMSE algorithm, EVM
measurements were done in the presence of a co-channel
interferer having 0.5-MSymbols/s QPSK modulation at Pint=-
70 dBm arriving from +30◦. In order to find the weights of
the analog preprocessing matrix using MMSE, the channel
estimation is done applying a pilot signal with Psig=-55 dBm.
After finding the settings, EVM versus input power level is
measured. For this experiment, the EVM performance at the
analog output (y1 in Fig. 4) and the hybrid beamforming
output (ŝ in Fig. 4) are shown in Fig. 7a. To show the effect
of spatial filtering on EVM, results without spatial filtering
are also shown. The “best EVM” region is improved by 33
dB. In the “best EVM” region, the desired signal is stronger
than the noise and interference power, therefore, the EVM
is not limited by SNR or SIR ratio. As a result, both the
hybrid beamforming output and the analog beamformed output
show the same EVM performance. These experiments were
also repeated for an interferer arriving from +45◦, resulting
in an improvement of the “best EVM” by 27 dB as shown in
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Fig. 7b. Output spectrum and constellations for the experiment
of Fig. 7a are shown in Fig. 8a and Fig. 8b, respectively.

(a)

(b)

Fig. 7. Measured EVM in the presence of an interferer after applying spatial
filtering by MMSE (a) Interferer is at +30◦; (b) Interferer is at +45◦

RBW=2.5 kHz

(a)

RBW=2.5 kHz

(b)

Fig. 8. Output spectrum and constellation when a 0.5-MSymbols/s QPSK
desired signal and a 15-dB weaker interferer are both arriving from broadside
(no spatial filtering); (b) Output spectrum and constellation when the desired
signal is arriving from broadside and the interferer from a null angle at 30◦
(spatial filtering).

Fig. 9. Measured EVM versus input power in the presence of an interferer
at 45◦ and SIRin = 4 dB in the training phase.

As we mentioned earlier, the carrier phase synchronization
and symbol time recovery are performed using a Costas loop
and Gardner’s timing error detector where the input SIR is
set to 15 dB to determine the analog beamformer settings.
However, in the presence of a stronger interference signal with
the same bandwidth as the desired user, none of these methods
perform correctly. Using a data-aided method is a possible
solution as the pilot tone signals are known in the training
phase. Therefore, we employed the zero-crossing timing error
detector (ZCTED) [34] for symbol time recovery and the data-
aided phase detector [34] for carrier phase synchronization.
The applied modification reduced the required input SIR to
4 dB without degrading the EVM performance. The resulting
EVM plot versus input power level is depicted in Fig. 9 where
an interference rejection of 27 dB is achieved.

The data-aided methods still fail to reliably perform the
symbol time recovery and carrier phase synchronization in the
case of negative SIR, i.e., the interferer is stronger than the
desired user. This issue has been investigated in the literature
[35]–[37]. Ref. [37] introduces a two-stage MMSE estimator
where, as the first stage, a pre-filter reduces the interference to
a level that allows for symbol time recovery and carrier phase
synchronization. In this paper, we will not further elaborate
on this.

To evaluate the effect of quantization noise on the EVM,
the captured oscilloscope signals were quantized virtually in
MATLAB. We have chosen an ADC input range of -1 V to
+1 V. The EVM plots versus receiver input level are shown
for various numbers of ADC bits (6 to 12 bits) in Fig. 10a.
For the 12-bit resolution, the thermal noise of the oscilloscope
and the Rx front-end are dominant, so the quantization noise
plays a small role in degrading the EVM. For ADC resolutions
ranging from 6 to 10 bits, the quantization noise becomes the
dominant source of EVM degradation when lowering the input
power level. Note that when the received signal amplitude is
less than one LSB, EVM becomes almost flat. It is also evident
from the EVM plots that the power level at which the EVM
degradation occurs, changes approximately 6 dB with every
ADC bit as expected. The quantization noise can be masked
by a high front-end gain. However, the input power upper limit
for the “best EVM” region reduces as well, so the overall Rx



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 7

dynamic range does not change to the first order. This is shown
in Fig. 10b in case the number of ADC bits equals n=8, EVM
plots were measured for gain values ranging from 29 to 41
dB.

(a)

(b)

Fig. 10. EVM versus Rx input level for various number of ADC bits; the
total gain of Rx front-end Gain=32 dB; (b) EVM versus Rx input level for
various receiver gains and number of ADC bits n=8 (fs = 50 MS/s, QPSK
modulation).

For interference-free scenarios, a high enough gain can
mask the quantization noise. However, in the presence of
an in-band adjacent channel interferer, the amount of gain
should be limited to avoid distortion at the front-end as well as
ADC clipping. The main advantage of a hybrid beamforming
receiver over a fully digital beamforming receiver is that
rejecting the interferer already in the analog domain allows
more room to apply a higher gain to suppress the quanti-
zation noise of the ADCs. To show this advantage, a strong
adjacent channel interferer with 0.5-Msymbols/s using QPSK
modulation and having a power level of -20 dBm is applied at
fRF = 2.471 GHz. A 0.5-Msymbols/s QPSK desired signal at
fRF = 2.47 GHz is used as in the previous experiments. As
shown in Fig. 11, the EVM plots are measured for a single
element Rx (Gain=20.5 dB), the fully digital beamforming
(Gain=20.5 dB), and hybrid beamforming with a notch set
to the interferer’s angle-of-arrival (AoA) , e.g., +30◦ (AoA
is known in this particular experiment), allowing for a gain
as high as 41 dB without experiencing distortions at the RF
front-end in the presence of the strong interferer. In order to
make sure that the quantization noise is the dominant source
of the EVM degradation, the captured oscilloscope signals are
quantized assuming a 6-bit ADC. In the quantization noise
limited region of Fig. 11, the EVM difference in dB for

a single element Rx and hybrid beamforming is about 19
dB (calculated from Fig. 11 at the input power level of -54
dBm, i.e., 20log (32.2/3.5) = 19 dB), which approximately
fits to the gain difference of 20.5 dB between them. For the
fully digital beamforming, there is a 6-dB EVM improvement
(calculated from Fig. 11 at the input power level of -54
dBm, i.e., 20log (32.2/16.3) ≈ 6 dB) due to the summing
of uncorrelated quantization noise of the single Rx elements.

Fig. 11. Measured EVM versus input power level for a 0.5-MSymbols/s
QPSK desired signal at fRF = 2.47 GHz in the presence of a 0.5-
MSymbols/s QPSK adjacent channel interferer at fRF = 2.471 GHz with
input power level of -20 dBm. For hybrid beamforming the notch is set at the
interferer’s angle-of-arrival, e.g., +30◦.

B. Over-the-air (OTA) measurements

OTA measurements were done with the set-up shown in
Fig. 12 that uses a 4-element dipole antenna array with half-
wavelength spacing in the 2.4 GHz ISM-band as the Rx array.
For Tx, one antenna transmits the desired signal and one
antenna the interferer. Because we are interested in the effec-
tiveness of spatial filtering for a real world scenario, we have
performed OTA experiments in the environment as it is. A 0.5-
MSymbols/s QPSK desired signal and interferer are used. To
find the setting of the analog VMs, first, channel estimation is
done with an approximately 15-dB weaker interferer than the
desired signal. OTA experiments are performed for constant-
Gm VM constellations with 16 and 64 points as shown in
Fig. 13. For these experiments, the desired signal transmit
antenna is placed at broadside (0◦) and the location of the
interferer transmit antenna is varied. The rejection results are
summarized for a few locations of the interferer in Fig. 14. The
EVM values are limited by the residue of the interferer power
at the output and therefore, closely related to the rejection
amount, i.e., EVM [dB] = −SIRout = −(Rejection + SIRin).
A moderately strong desired signal with the input power level
of -31 dBm and an interferer with the power level of -37 dBm
(SIRin = 6 dB) are chosen for reliable results in the presence
of external interfering signals (crowded ISM band). Because of
the multipath propagation, the antenna signals and therefore,
the rejection amount varies with relatively small changes in
the antenna placements. On average, 22.5 dB and 24.5 dB
interference rejection are achieved using VMs with 16 and 64
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points, respectively, for 16 different experiments, as shown in
Fig. 14.

To verify the measurement results, we evaluate the proposed
hybrid beamforming performance by running 200 Monte Carlo
simulations. The simulation parameters are set as follows: the
antenna array size and the number of RF chains N = 4, the
received SIR and SNR 6 dB and 60 dB, respectively, Rician
channel modeling for both user and interferer with K, the ratio
between the power in the direct and in the scattered paths,
set to 4 dB, and all path gains follow the independent and
identically distributed (i.i.d) Rician. To represent the antennas’
mutual coupling effect, we use the coupling matrix obtained
by the impedance matrix or Z approach [38]. The interfer-
ence rejection is defined as SIRout/SIRin, and the results are
obtained by averaging over 200 different channel realizations
while transmitting a set of 511 QPSK symbols. Simulation
results show 20.5 dB and 22.8 dB interference rejection by
employing VMs with 16 and 64 points, which are close to the
achieved measurement results.

Desired Signal

2m

Interferer
2m

Antenna Array

Fig. 12. OTA measurement set up using a 4-element dipole antenna array
with half-wavelength spacing in the 2.4 GHz ISM-band.

In this work, our goal is to show the effectiveness of hy-
brid beamforming in interference mitigation with a prototype
MIMO receiver chip in an indoor environment where the
multipath propagation effects and the coupling between array
elements heavily impact the results. Hence, it is far from
straightforward to benchmark these real world results with the
literature. Nevertheless, we have summarized the performance
of our prototype MIMO Rx chip in Table I and benchmarked
it with the recently published MIMO receivers in the low-
GHz frequency range. In [12], an OTA experiment has been
reported, where a 1 MSymbols/s QPSK desired signal at the
input power level of -68 dBm and two CW interferers at 600
kHz frequency offset from the center of the desired signal
with the power level of -57 dBm for each of the interferers
were used. In [12], the angle-of-arrivals (AoA) are known
for the interferers and the beamforming weights are manually
tuned, which results in an EVM of 20.5% after spatial filtering.
Although OTA rejection has not been reported, we estimate
a rejection amount of 24.8 dB for the OTA experiment in

Fig. 13. Constant-Gm VM constellations with 16 and 64 points used for OTA
experiments.

Fig. 14. Measured interference rejection for 16 OTA experiments with
different interferer antenna placements and using VMs with 16 and 64 points.

[12] based on the reported EVM value and the input power
levels. For the wireless imaging demonstration in [10], which
includes one CW desired signal and one in-band CW blocker,
a rejection of 29.7 dB was reported.

To relate the OTA results to the conductive measurement
results, note that the achievable interference rejection in a
hybrid beamforming receiver represents the reduction in the
required dynamic range for the ADCs when receiving a weak
desired signal in the presence of a strong adjacent-channel
interferer as in Fig. 11, because by applying interference
rejection in the analog domain before the ADCs, more gain
(equal to the rejection) can be allowed without the EVM
performance being limited by distortion. The dynamic range
reduction achieved by the hybrid beamforming is equal to
the rejection amount when compared with a traditional single
antenna receiver and 6-dB less than the rejection amount when
compared with the 4-element fully digital MIMO Rx.
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART.

Architecture RFIC’16
[8]

JSSC’16
[10]

JSSC’17
[12] This work

CMOS Technology 65 nm 65 nm 65 nm 22 nm FD-SOI
Active area ( mm2) 3.8 1.69 1.44 0.52
Supply (V) 1.3-1.5 1.2 1.2 0.8
# of inputs/outputs 4/4 4/4 4/4 4/4
RF Frequency (GHz) 10 0.1-1.7 0.1-3.1 0.7-5.7
Total Gain (dB) 41 43 44.5 41

Single Element NFDSB,eq (dB) 9.5 2.2-4.6 3.4-5.8 6.8-9.21

5.5-72

Conductive Rejection (dB) 323 32 51-56 33 @ 30◦

27 @ 45◦

OTA Rejection (dB) - 29.7 24.84 22.55

24.56

Adaptive Beamforming Method - - - MMSE
Blocker Modulation Scheme - CW CW 0.5 MS/s QPSK
Signal Modulation Scheme - CW 1 MS/s QPSK 0.5 MS/s QPSK
OIP3 (dBm) - 0 11 22
Power Consumption
/Antenna Element (mW)

145 37 @ 0.5 GHz 29-36.75 19.25-34.75

1 On the VM corner and broadside (u=0) 2 On the VM corner and endfire (u=1) 3 From the
comparison table in [12] 4 Estimated from the EVM and input power levels 5 Average of 16
experiments with a 16-points VM 6 Average of 16 experiments with a 64-points VM.

V. CONCLUSION

In this paper, we have experimentally shown the effec-
tiveness of hybrid analog-digital beamforming in interference
mitigation using a 4-element MIMO Rx chip featuring analog
beamforming before the ADCs. The hybrid approach has an
advantage over a fully digital one because the rejection of a
strong interferer already in the analog domain allows more
room to apply a higher front-end gain to mask the quanti-
zation noise of the ADCs while preventing distortion caused
by nonlinear RF/analog front-ends. Conductive measurements
were performed to reliably verify the performance of adaptive
MMSE in interference rejection and demonstrate the reduction
of the required dynamic range for the ADCs in the presence of
a strong adjacent channel interferer. In order to verify the re-
sults in a realistic setup, over-the-air measurements were done
to account for multipath propagation and coupling between the
antenna elements. Over-the-air interference rejection values of
22.5 dB and 24.5 dB have been measured on average for the
vector modulators with 16 and 64 points, respectively.
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