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Abstract—Massive MIMO has emerged as a key-enabler to
deliver the high data-rates in current and next-generation sys-
tems. Many massive MIMO deployments use time-division du-
plex (TDD), thereby opening the door for the potential use of
full-duplex at base-stations. In this paper, we present LensFD, a
scalable method to enable cost-effective massive MIMO full-duplex
operation in sub-6 GHz frequencies with a focus on the CBRS
band of 3.5 GHz. LensFD uses a low-cost lens array combined
with transmit precoding to reshape the effective beam pattern of
antennas in massive MIMO arrays to reduce self-interference. We
tested three lens configurations in LensFD experimentally with a
software-defined 40-antenna base-station and demonstrate a signif-
icant improvement in self-interference reduction and hence overall
increased system capacity to 1.6× over the TDD counterpart. As an
important contribution, we will open-source the large measurement
dataset from our experiments.

Index Terms—Massive MIMO, full-duplex, dielectric spherical
lenses, precoding, experimental design.

I. INTRODUCTION

M
ASSIVE MIMO is one of the major technology drivers

of next-generation wireless standards (5G and be-

yond) [1], [2]. By using base-stations with hundreds of an-

tennas [3], [4], [5], the networks can achieve both increased

capacity [6] and improved energy efficiency [7], [8]. One of

the key challenges due to a large number of antennas is that

channel measurement in frequency-division duplex (FDD) mode

becomes prohibitive [9]; FDD is the dominant duplexing mode

in LTE and prior standards [10], [11]. As a result, many 5G

deployments use time-division duplex (TDD). This shift from

FDD to TDD opens up the door to the use of in-band full-duplex

(IBFD) [12], [13], [14], [15], [16] in the upcoming iterations of

5G and beyond [17], [18].

Full-duplex is a wireless communication paradigm that al-

lows concurrent transmission and reception on the same time-

frequency resources [12], [13], [14], [15], [16], [19]. It has
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the potential of doubling the capacity [16], [20], [21] com-

pared to half-duplex, e.g., TDD or FDD. Realization of a full-

duplex system hinges on combating self-interference, which

is the interference created by simultaneous transmission and

reception. Complete cancellation or at least significant reduc-

tion of self-interference has thus been the main focus of re-

search in full-duplex, resulting in a large body of work on this

topic.

For massive MIMO base-stations, there are (at least) two

classes of full-duplex architectures. The first class relies on

analog-cancellation-based reduction of self-interference, where

self-interference suppression/cancellation is performed before

the signal passes through an analog-to-digital converter. The

work on analog cancellation started with single-antenna [22],

[23] and dual-antenna [14], [15], [16] systems. However, these

analog-cancellation-based designs of massive MIMO with 64-

256 antennas [17] have high analog circuit complexity, typically

O(N 2) analog circuit complexity for a N ×N antenna array.

Recent works [24], [25] have reduced the complexity toO(NK)
where K is the number of transmit beams.

The second class of massive MIMO full-duplex systems uses

transmit precoding to reduce self-interference. The precoding-

based methods dynamically partition the antenna array com-

posed of only half-duplex transceivers into two sub-arrays,

one which transmits and the other which receives. Transmit

beamforming is performed to focus energy toward intended

downlink users while also suppressing self-interference to the

receive sub-array [12], [13], [26], [27]. These solutions have to

tradeoff self-interference suppression with downlink transmis-

sion degrees-of-freedom (DoF) and can be desirable for a large

number of antennas.

From the operator point-of-view, having access to two classes

of massive MIMO full-duplex architectures is desirable as

they occupy different performance-cost points. The first class

achieves higher full-duplex performance but requires more de-

sign complexity (e.g., design of new circuits) and hence sys-

tem cost. The second class achieves a lower performance as it

sacrifices some downlink transmission degrees-of-freedom for

self-interference suppression but is also lower in costs. In fact,

the second class of solutions can be used with any half-duplex

radios and can in fact, be layered on top of existing TDD

base-stations.

In this paper, we push the performance of the second class of

systems with the use of low-cost spherical dielectric lenses that

can be added to the base-stations. Our proposed design is simple
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and can significantly improve the performance of precoding-

based full-duplex massive MIMO in outdoor deployment cases.

Our contributions are three-fold.

First, we propose a first-of-its-kind study of using lenses

for self-interference suppression to enable scalable sub-6 GHz

full-duplex operations. Most of the prior work in the use of

lenses focused on mmWave systems [28], [29], [30], [31], [32],

[33], [34] and have typically adopted a single lens with size

either comparable to or much larger than the antenna array.

The mmWave lenses are typically elliptical or hemispherical

shaped and require delicate installation such that the antennas

are placed near the focal point. For sub-6 GHz, metasurface

lenses [35], [36] have been used to reduce beamforming com-

plexity and power consumption in massive MIMO systems.

In [37], a lens-loaded spiral aperture with 8 antennas operating

at sub-6 GHz is proposed for in-band full-duplex applications,

where lenses are used to enhance the system’s far-field per-

formance instead of suppressing self-interference. To the best

of our knowledge, LensFD is the first sub-6 GHz proposal to

reduce self-interference for massive MIMO full-duplex systems

by using passive lenses.

Second, we perform an extensive experimental evaluation.

Our evaluation is performed both at antenna-scale in an anechoic

chamber, and for the full array using a deployed commercial-

grade 40-antenna massive MIMO base-station. Our main result

shows that a lens-array alone can suppress self-coupling strength

by up to 7 dB in a typical outdoor environment. This gain is ob-

tained without any change to the underlying TDD base-station.

When combined with a digital precoder, LensFD consistently

yields more self-interference suppression over the no lens base-

line across different transceiver configurations and downlink

receive power setups. LensFD can also push the self-interference

to close to the noise floor for certain transmit-receive antenna

partitions. The additional self-interference suppression from

LensFD translates into achievable rate gain in both uplink and

downlink, yielding up to 1.6× sum-rate gain over the systems

with no lens.

An important outcome of our experimental evaluations is that

the antenna-scale characterization is not sufficient to predict de-

ployed system-scale full-duplex performance. The main reason

is that self-interference depends on both direct and backscatter

paths between transmit and receive antennas. This fact explains

one of our results - even if lenses improve antenna gain and

reduce half-power beamwidth, they lead to a negligible full-

duplex gain in indoor systems, where the backscatter has a sig-

nificant contribution to self-interference. In contrast, when the

backscatter is low, like in outdoor deployments, full-duplex gain

from lenses is significant. However, here too, the per-antenna

measurements do not predict which size lens-array will perform

the best as self-interference in a UPA depends on interference

from multiple antennas and lens shape self-interference from

different transmit antennas in a complex manner.

Third, we will open-source our whole dataset and analysis

scripts. The 101 GB dataset will provide a unique dataset from

a commercial-grade system in realistic deployment scenarios.

The rest of the paper is organized as follows. In Section II,

we describe the system model and the problem formulation.

In Section III, we provide measurement-based effective beam

pattern analysis of LensFD. In Section IV, we present real-

world channel trace measurements of LensFD resultant massive

MIMO full-duplex channels. In Section V, we quantify the

gains in overall self-interference suppression from LensFD. In

Section VI, we summarize our findings.

Notation: We use bold uppercase and lowercase letters to de-

note matrices and column vectors, respectively; † (as superscript)

for Moore-Penrose pseudo-inverse; ‖ · ‖F for the Frobenius

norm; ‖ · ‖2 for the �2-norm;S1 − S2 for set subtraction; I for the

identity matrix;H(Sr, Sc) represents the submatrix of matrixH

constructed from the rows and columns indexed by the sets Sr

and Sc, respectively.

II. SYSTEM MODEL AND PROBLEM STATEMENT

A. Antenna Array Design

In this section, we describe the massive MIMO base-station

configuration with only half-duplex radios. We will assume a

Uniform Planar Array (UPA) structured base-station with Mrow

rows andMcol columns, for a total ofM = MrowMcol antennas.

The base-station is assumed to communicate with Ku uplink

and Kd downlink users simultaneously, where both uplink and

downlink transmissions are in the same frequency band. Each

mobile user has a half-duplex transceiver, i.e., they can either

transmit or receive in the frequency band of operation but not

do both simultaneously.

The in-band full-duplex operation is achieved by operat-

ing Mt out of M antennas in transmit mode, and the other

Mr = M −Mt antennas in receive mode. We denote the set of

all transmit antennas as St = {si : i = 1, 2, . . .,Mt, 1 ≤ si ≤
M}, |St| = Mt and of all receive antennas as Sr = Sbs −
St, |Sr| = Mr, where each such (St, Sr) partition is referred

to as a transceiver configuration. Any arbitrary transceiver con-

figuration is easily achieved by placing the antennas in transmit

or receive mode.

B. Lens Array Design

LensFD equips the massive MIMO base-station with an over-

laid Radio-Frequency (RF) lens array [38], [39]. Each lens in

the array is a passive transmissive device that can either focus or

disperse the propagating electromagnetic wave. Assuming that

there is only negligible propagation loss through each lens in

the array, the total amount of radiation power remains constant

with or without the lens array. To investigate the relationship

between the lens array design and the resulting full-duplex

performance, we designed and fabricated three lens arrays as

shown in Fig. 1. As depicted in Fig. 1(b)–(d), each lens may

cover one or more antennas depending on its size. In the case

where a single lens covers multiple antennas, different antennas

generally have different effective beam patterns since they are

covered by different portions of the lens.

C. Signal Model

Let HD ∈ C
Kd×M , HU ∈ C

M×Ku , HS ∈ C
M×M be the

downlink, uplink and self-interference channels, respectively,
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Fig. 1. LensFD massive MIMO base-station setup. (a)–(d): schematic diagram of the 5 × 5 antenna array and 3 different overlaid lens arrays with varying sizes.
Lenses are shown as red circles, and antennas from the measurement sets Sms are shown as green triangles. Indexing over the antenna array is shown in (a). (e)–(h):
pictures of the antenna array and the lens arrays. (e) shows the rear view and (f)–(h) show the front view. (a) Antenna array indexing with no lens. (b) Antenna
array with small lens array. (c) Antenna array with medium lens array. (d) Antenna array with large lens array. (e) 5 × 5 antenna array. (f) 5 × 5 small lens array.
(g) 3 × 3 medium lens array. (h) 2 × 2 large lens array.

where all channels are assumed to be block fading. For a given

transceiver configuration specified as St, the uplink, downlink,

and self-interference channels are defined as follows,

Hu = HU (Sr, :) ∈ C
Mr×Ku ,

Hd = HD(:, St) ∈ C
Kd×Mt ,

Hs = HS(Sr, St) ∈ C
Mr×Mt , (1)

With the uplink, downlink, and self-interference channels

defined in Equation (1), the signal model is given by

yd = HdPxd +wd

yu = Huxu +HsPxd +wu (2)

We assume thatxd ∈ C
Kd×1, the downlink signal transmitted by

the base-station, is precoded by a precoderP ∈ C
Mt×Kd , where

Mt is the cardinality of the chosen configuration St. The symbol

xu ∈ C
Ku×1 denotes the uplink signal transmitted by all the

Ku uplink users. Additionally, yu ∈ C
Mr×1 and yd ∈ C

Kd×1

denote the uplink and downlink received signals, respectively.

Finally, wu ∼ CN (0, σ2
uIMr

) is the uplink receive noise, and

wd ∼ CN (0, σ2
dIKd

) is the Gaussian approximation of the sum

of downlink receive noise and Inter-User-Interference (IUI).

The precoder P is designed to meet the downlink transmission

requirements and suppress self-interference from the transmit

antennas to the receive antennas at the base-station. The trans-

mission power is constrained to not exceed unit power, i.e.,

‖Pxd‖
2
F ≤ 1 and ‖xu‖

2
F ≤ 1. We also assume E[‖xd‖

2
F ] =

Kd and hence ‖P‖2
F ≤ 1. Based on previous measurement

results [13], we assume that all matrices mentioned above are

full-rank.

Note that IUI is the interference at the downlink user’s end

due to the transmission of uplink users. A rich literature can be

found regarding minimizing IUI by designing schedules [40],

[41], [42], [43] and MAC layer protocols [44], [45]. We hereby

assume that most of the IUI can be effectively eliminated using

prior methods and the magnitude of residual IUI is close to that

of downlink receiver noise power, and hence we do not explicitly

model it.

D. Performance Metrics

We will characterize two metrics for LensFD performance

evaluation in massive MIMO full-duplex.

1) Residual Self-Interference: The residual self-interference

is defined as the interference on the uplink signal from the

concurrent downlink transmission signal (precoded by P), i.e.,

psi = ‖HsP‖2
F . Since the goal of LensFD is to reduce the trans-

mitted power in the self-interference channel Hs, a lower value

of the residual self-interference psi indicates better full-duplex

performance from LensFD.

2) Sum-Rate: The sum-rate α in massive MIMO full-duplex

operations is defined as the summation of the uplink rate αu and

downlink rate αd as α = αu + αd, where

αu = Ku log2

(

1 +
pul

(σ2
u + 10−βdc/10psi)

)

,

αd = Kd log2

(

1 +
pdl
σ2
d

)

, (3)

pul = ‖Hu‖
2
F /Ku and pdl = ‖HdP‖2

F /Kd are the uplink and

downlink receive power, respectively. We assume that the resid-

ual self-interference power can be cancelled by βdc dB in the
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Fig. 2. Front and rear view of reflection-free anechoic chamber measurement
setup for the 3 × 3 medium lens array placed in front of a 5 × 5 antenna array.
(a) Front. (b) Rear.

digital domain by the Mr receiving antennas. Thus, the self-

interference power after this digital cancellation is 10−βdc/10psi
as shown in Equation (3).

In addition to suppressing the self-interference power,

LensFD also aims at strengthening the uplink and downlink

receive power pul and pdl. Combining all the power tuning

effects, LensFD aims to achieve a higher sum-rateα as expressed

in Equation (3).

III. PER-ANTENNA BEAM PATTERN CHARACTERIZATION

In this section, we present a measurement-based character-

ization of individual antenna patterns reshaped by differently-

sized lenses. More specifically, we conducted 3D effective beam

pattern measurements using three different lens configurations

and compare them with the baseline case without a lens. For

each configuration, we analyzed the corresponding main beam

characteristics for antenna gain and half-power beamwidth. For

the remainder of this section, we first introduce the experimental

setup of the measurement and then describe the main results.

A. Experiment Design

We employed an automated indoor spherical near-field system

developed by NSI [46] in the reflection-free environment of an

anechoic chamber (see Fig. 2). As depicted in Fig. 1(e), the

base-station consists of 25 patch antennas placed as a 5 × 5

rectangular UPA. The array lattice is square-shaped with a

side length of 39.4 mm, approximately half the wavelength at

the 3.5 GHz CBRS band. The antennas are dual slant linearly

polarized supporting ±45◦ polarization.

All the lenses are spherically shaped and fabricated with

dielectric PTFE Teflon material (dielectric constant εr = 2.10).

The lens design in LensFD is inspired by the spherically symmet-

ric gradient-index Luneberg lens [47], [48]. The key difference is

that the fabricated lenses in LensFD employ a uniform dielectric

material rather than a gradient. Such design not only simplifies

the tradeoff analysis between the lens size and the resultant

system performance, but also lowers the design complexity and

fabrication cost, thus facilitating the real-world deployment of

LensFD.

Three different lens configurations were fabricated and in-

vestigated in this paper, namely, small lens array, medium lens

array, and large lens array. Throughout the rest of this paper, we

compare the performance of these three configurations with the

baseline configuration in which no lens is used, i.e., the no lens

TABLE I
LENS CONFIGURATION SETUPS AND CORRESPONDING MEASUREMENT SETS

configuration. As shown in Fig. 1, the diameter of each single

lens is increased from 38.1 mm (i.e., same as the half-wavelength

spacing distance for the 3.5 GHz CBRS band) for small lens

array, to 76.2 mm for medium lens array and 114.3 mm for

large lens array. For each lens configuration except for no lens,

we embedded multiple identical lenses into a bracket to form

the lens array. The brackets were made from polylactic acid

(PLA) material with a dielectric constant εr = 1.46, and were

mounted in front of the base-station antenna array via bolts

and rivets with a negligible distance in-between. The sizes of

the three lens arrays are roughly the same, as more lenses are

used for arrays with a smaller single lens diameter. For instance,

we used 5 × 5 = 25 small lenses in small lens array. While in

comparison, only 2 × 2 = 4 large lenses were used in large lens

array. A more detailed description of each lens configuration

can be found in Table I. In addition, the size of each lens array

is also roughly the same as the size of the 5 × 5 base-station

antenna array. As shown in Fig. 2, such an arrangement ensures

that the antenna array is fully covered by the three lens arrays.

For each lens configuration, we performed 3D co-polarization

effective beam pattern measurements in the far-field over a dis-

tinctive subset of all the base-station antennas, which is referred

to as its measurement set Sms ⊂ Sbs. As shown in Table I, Sms

includes all antennas covered by distinctive portions of the lens

array in this configuration such that their effective beam patterns

are representative of the entire antenna array.1 Note that we

assume perfect hardware at the base-station so that the effective

beam pattern of each antenna depends solely on the lens array

covering it. That is, if two antennas i and j from two different

positions in the array are covered by the same lens (or the same

portion of the lens), they would have identical effective beam

patterns as fi = fj .2 For example, when small lens array is used,

each antenna is fully covered by a single lens. Therefore, one

measurement over any arbitrary antenna is sufficient since all an-

tennas share an identical effective beam pattern. Configurations

with larger-sized lenses generally require more antennas to be

measured since each single lens covers more antennas, and each

such antenna generally yields different effective beam patterns.

More details of each lens configuration and the corresponding

measurement set Sms can be found in Table I.

For each lens configuration, we activated each antenna port

from its Sms sequentially to measure its effective beam pattern.

During each measurement, only one antenna port was excited

while the rest were terminated with 50 Ω load resistance, which

1For medium lens array, we have partial measurements due to COVID-19-
related shutdowns.

2We acknowledge that this assumption does not hold strictly in practical
massive MIMO systems because of hardware imperfections such as mutual
coupling, cross-polarization leakage, and edge effect.
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Fig. 3. Measured return loss for a 3 × 3 antenna array without lenses. Antennas
are indexed similarly as depicted in Fig. 1(a). The shaded area corresponds to
the CBRS band.

yields over 20 dB isolation between adjacent antenna ports.

Multiple measurements were taken using a narrowband signal at

7 different central frequencies, i.e., 3.3 GHz, 3.4 GHz, 3.55 GHz,

3.625 GHz, 3.7 GHz, 3.8 GHz, 3.9 GHz. In all, over 170 mea-

surements were taken. In the rest of this section, we present anal-

ysis using measurements from the −45◦ polarized antenna port

with 3.625 GHz central frequency, i.e., the center of the CBRS

band.

B. Experimental Results

1) Return Loss: We first present the measured return loss

(also called reflection coefficient in the literature [49], [50], [51])

for a 3 × 3 antenna array. The measurements were performed

in an anechoic chamber over 3 different antennas with indices

1, 2, and 5 (same indexing method as described previously

in Section II-A). For the i-th antenna from the 3 × 3 antenna

array, we refer to its measured return loss as Sii. As depicted

in Fig. 3, the measured return loss is at most −14 dB from

3.55 GHz to 3.7 GHz, demonstrating that the patch antenna

response adequately spans the CBRS band.

2) Antenna Gain and Directivity: In Fig. 4, we present the

measured effective co-polarization beam pattern at the hori-

zontal (θ = 90◦) and vertical (φ = 0◦) planes for antenna gain

directivity analysis.

For each lens configuration, we present results over one rep-

resentative antenna from its measurement set Sms, for brevity.

For configurations where each single lens covers more than one

antenna, the representative antenna was placed near the center of

a single lens. More specifically, we present results over antenna

13 for medium lens array, and antenna 17 for large lens array

as they are near the center of the central medium lens, and the

bottom left large lens, respectively. The main beam direction

of each representing antenna is close to the central direction of

θ = 90◦, φ = 0◦, thus allowing an explicit and fair comparison

with each other.

Compared to the baseline configuration of no lens, significant

directivity enhancement is observed from both medium lens ar-

ray and large lens array. As shown in Fig. 4, medium lens array

reduces the half-power-beamwidth (HPBW) of the measured

antenna 13 from approximately 100◦ to 62◦ in both elevation

and azimuth directions, which also brings a 2.5 dB antenna

gain improvement. The optimal performance is observed from

large lens array, as it further reduces the HPBW to 35◦ and

brings a 7 dB antenna gain improvement. The performance gain

Fig. 4. Measured 3D co-polarization effective beam patterns of representative
antennas. For each lens configuration, we choose the representative antenna from
near the center of a single lens. (a): horizontal plane (elevation angle θ = 90◦)
slice; (b): vertical plane (azimuth angle φ = 0◦) slice.

from large lens array is also consistent across all measured

antennas from its measurement set. As shown in Fig. 5 and

Table II, large lens array reduces the HPBW of all measured

antennas to at most 42◦ and offers at least 4.5 dB antenna gain

improvement. In the case of small lens array, the performance

gain is at most negligible when compared with the no lens

baseline.

Due to the spherical symmetry in design, the lenses can pas-

sively project the radiated beam toward different 2D directions

(both azimuth and elevation) by activating different antennas

in the base-station. As is shown in Fig. 5, when no lens or

small lens array is used, the measured antenna radiates the beam

towards approximately the central direction (φ = 0◦, θ = 90◦).

In comparison, with lens-enabled effective beam pattern hetero-

geneity, medium lens array and large lens array can passively

project the beam away from the center in both elevation and

azimuth directions. As shown in Table II, medium lens array can

project the beam away from the center by at most 37◦ in azimuth

(with antenna 12), and 21◦ in elevation (with antenna 17). And

large lens array can further extend this range to 47◦ in azimuth

(with antenna 13) and 50◦ in elevation (with antenna 12). Such

lens-enabled beam direction heterogeneity can be utilized to

facilitate cost-effective beamforming solutions [52], [53].

IV. MASSIVE MIMO CHANNEL CHARACTERIZATION

In this section, we study the LensFD resultant massive MIMO

full-duplex channels with real-world measurements in both out-

door and indoor environments.
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Fig. 5. Measured 3D co-polarization beam patterns for all measured antennas. (a) No lens, antenna 13. (b) Small lens array, antenna 13. (c) Medium lens array,
antenna 12. (d) Medium lens array, antenna 13. (e) Medium lens array, antenna 17. (f) Large lens array, antenna 11. (g) Large lens array, antenna 12. (h) Large

lens array, antenna 13. (i) Large lens array, antenna 16. (j) Large lens array, antenna 17. (k) Large lens array, antenna 21.

TABLE II
MAIN CO-POLARIZATION BEAM STATISTICS FOR ALL MEASURED ANTENNAS

We first characterize the self-coupling strength (i.e., the power

of the self-interference channels, also known as “crosstalk” [54],

[55] and “mutual coupling” [56], [57]) between pairs of anten-

nas in two different propagation environments - indoor high-

scattering and outdoor low-scattering channels.

Our measurement results demonstrate a significant reduction

in self-coupling from LensFD in the outdoor but negligible

change in the indoor case, thereby supporting the following

conclusion. The self-interference power depends on both di-

rect propagation paths between transmit-receive pairs and the

backscatter from the environment, and lenses improve when the

backscatter is low.

A. Experiment Design

As depicted in Fig. 6, we conducted channel trace

measurements in two different propagation environments: a

low-scattering outdoor environment in an unoccupied football

stadium, and a high-scattering indoor environment inside a

building. For each transmission environment, we applied the

four lens configurations (as previously introduced at Section II-

I-A, including the baseline of no lens) sequentially at the

base-station for performance comparison. Measurements of real

self-interference and array-to-client channels were collected for

each lens configuration and transmission environment using the
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Fig. 6. Experimental setup for LensFD massive MIMO full-duplex channel
measurements. (a-b): locations of the base-station and client radios in the outdoor
and indoor environment, respectively. The location of each client radio is marked
as a red circle. (c-d): example client radio and Faros base-station setup for
outdoor and indoor environment, respectively. The location of the example client
radio is marked as a red circle with a diagonal pattern in (a) and (b), respectively.

Argos V3/Faros [21], [58], [59] platforms as the base-stations.

Two individual base-stations with an identical setup were used

in the measurement for the outdoor and indoor environments,

and are referred to as the outdoor base-station, and the indoor

base-station, respectively. Both the base-stations and the client

radios employed custom programmable Software Defined Ra-

dio (SDR) modules called Iris board from Skylark Wireless

LLC, [60]. Each radio was dual slant linearly polarized and

thus provided two independent (±45◦) antenna ports. Each

Faros base-station consisted of a rectangular UPA array with

80 3.5 GHz patch antennas interfaced to 40 radios. At the base-

stations, each board was spaced 39.4 mm (approximately half-

wavelength in the 3.5 GHz CBRS band) apart in the y-axis and

61.0 mm in the z-axis (see Fig. 7(a) for coordination reference).

As illustrated in Fig. 7(a), (b), 6 out of the 40 outdoor base-station

radios experienced hardware failure and were not used through-

out the measurements, yielding a total of 34 functioning radios in

the outdoor base-station. Similarly, 38 functioning radios (i.e., 2

out of 40 experienced hardware failure) were used in the indoor

base-station.

For each lens configuration and each transmission environ-

ment, we first measured the self-interference channel HS ∈
C

M×M at the base-station, with M = 68 and 76 for the outdoor

and the indoor base-stations, respectively. More specifically, we

transmitted pilot signals from each base-station antenna in a

round-robin fashion, while all other antennas listened to the

transmission. We also measured the uplink channel with two

Fig. 7. LensFD massive MIMO base-station with Faros platform. (a-b):
indexes of functioning dual-polarized radios in the outdoor and indoor base-
stations, respectively. The radios experiencing a hardware failure are marked as
red and were not used in the measurement. The central and corner radios are
marked in yellow and green rectangles, respectively. Compared to the central
radios, the corner radios have a longer average distance to the other radios. (c-e):
outdoor base-station equipped with small lens array, medium lens array, and
large lens array, respectively. A similar installation strategy was applied to the
indoor base-station as well. (a) Outdoor base-station. (b) Indoor base-station.
(c) Small lens array. (d) Medium lens array. (e) Large lens array.

co-located clients emulated by two antennas interfaced to a sin-

gle dual-polarized client radio. For each given location as shown

in Fig. 6, we collected uplink channel traces by transmitting pilot

signals from the two client antennas to the base-station. Note that

when measuring the array-to-client channel for clients located

outside the stadium (see illustration in Fig. 6(a)), we rotated the

base-station by 180◦, allowing it to face toward these client loca-

tions. For each lens configuration and transmission environment,

the uplink channel HU ∈ C
M×Ku with Ku = 28 is generated

by combining measurements from the 14 different locations

as shown in Fig. 6. Since TDD transmission was employed

throughout the measuring process, channel reciprocity can be

leveraged to easily obtain the downlink channel asHD = HU
T .

For each channel measurement, the channel state informa-

tion (CSI) values were collected at 3.6 GHz central frequency

in a 5 MHz bandwidth. We used the Sounder tool from the

RENEW [61] platform to continuously transmit 400 frames

(for a total time of approximately 3.5 seconds) of the pilot

signal from each transmit antenna to the receiving antenna. Both

the base-station and the clients supported OFDM transmission.

More precisely, the 5 MHz bandwidth was further divided into

64 OFDM subcarriers, 52 of which were utilized during the

measurement. In all, more than 100 GB of data were collected

and released to public. More details of the channel measurement

and signal processing process can be found in [21].

B. Experimental Results

Result 1: The real-world performance gain from LensFD

depends heavily on the transmission environment. For a typical

outdoor environment with limited reflection, LensFD can pro-

vide an additional 4–7 dB suppression in self-coupling strength.
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Fig. 8. Self-coupling strength at the base-station. (a) Indoor, no lens. (b) Indoor, small lens array. (c) Indoor, medium lens array. (d) Indoor, large lens array.
(e) Outdoor, no lens. (f) Outdoor, small lens array. (g) Outdoor, medium lens array. (h) Outdoor, large lens array.

TABLE III
STATISTICS OF MEASURED LENSFD RESULTANT MASSIVE MIMO

SELF-INTERFERENCE CHANNELS IN BOTH OUTDOOR

AND INDOOR ENVIRONMENTS

On the contrary, the performance gain from LensFD in the indoor

environment with rich reflection is limited to none, e.g., using

lenses even strengthens the self-coupling strength by 1–5 dB.

We first examine the self-coupling strength at the base-station.

Shown in Fig. 8 is the self-coupling strength between all −45◦

polarized antennas in the base-station. The color of each element

(i, j) in Fig. 8 denotes the average self-coupling strength from

transmit antenna i to receive antenna j over 400 frames, where

the antennas are indexed row-wise as shown in Fig. 7. Note that

we only show the self-coupling between distinct antennas (i.e.,

i �= j) since the radios we used do not support reflection coeffi-

cient measurements, and thus the empty anti-diagonal elements.

In addition, we only show the co-polarization self-coupling

result with −45◦ polarized antenna for each dual-polarized

radio, allowing us to eliminate the effect of cross-polarization

self-coupling suppression from LensFD performance analysis.

As shown in Fig. 8 and Table III, there is significant variation

in the self-coupling strength among all the antenna pairs. We

summarize three major parameters in determining the self-

coupling strength in LensFD as follows:

Antenna distance: Antenna pairs with shorter distance typ-

ically yield stronger self-coupling strength. Such dependence

can be well explained by the difference in the direct-path self-

coupling strength as it is inversely proportional to the square

of the transmission distance. Using the outdoor measurement

with no lens in Fig. 8(e) as an example, while antennas adjacent

to each other can have a self-coupling as strong as −10 dB,

the self-coupling strength for antennas far apart can fall below

−50 dB. In Table III we report the self-coupling strength re-

ceived by the central radios and the corner radios. Given the

UPA structure of the base-stations, the average distance from the

corner radios to the other radios is 1.6× the distance from the

center radios to the other radios. Such difference in transmission

distance is well manifested in their difference in self-coupling

strength. For each fixed lens configuration and transmission

environment evaluated, the median self-coupling strength at the

corner radios is 0-5 dB lower compared to that of the central

radios.

Transmission environment: For each given antenna pair,

the self-coupling strength in indoor environments is typically

stronger than the outdoor self-coupling strength, especially

when the transmit and receive antennas are far from each other.

As shown in Table III, for central radios the median self-coupling

strength in the indoor environment is 1–10 dB stronger than

that of the outdoor environment for all lens configurations. As

for the corner radios with longer average antenna pair distance,

we observe a larger gap of 3–11 dB between the indoor and

outdoor environments. The increased self-coupling in indoor

environments is due to stronger backscattering: the indoor en-

vironment typically has a much richer scattering profile. For

the antenna pairs far from each other, the self-coupling from

backscattering is comparable or even stronger compared to the

direct-path self-coupling [44], [62].

Lenses: The effect from lenses over the self-coupling strength

depends on the transmission environment: for the outdoor envi-

ronment, the lenses suppress the self-coupling strength (see the

comparison in Fig. 8(e–h)); while for the indoor environment,

the lenses strengthen the self-coupling (see the comparison in
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Fig. 9. Beam reshaping effect of LensFD in different transmission environ-
ments. Measurement-based effective beam patterns corresponding to no lens and
large lens array are drawn in orange and blue, respectively. (a): downlink and
self-interference channel paths in a typical outdoor environment with limited
reflection path. (b): direct-path and reflection-path self-interference channel in a
typical indoor environment with rich reflection sources. The downlink channel
paths are similar to those shown in the outdoor environment of (a) and are thus
emitted for brevity. (a) Outdoor. (b) Indoor.

Fig. 8(a–d)). As shown in Table III, using lenses in the out-

door environment provides an additional 4–7 dB suppression in

self-coupling power, which serves as the key enabler of using

LensFD to improve massive MIMO full-duplex performance.

We also report that when using lenses in the indoor environment,

the self-coupling power was strengthened by 1–5 dB.

The effect of antenna distance and transmission environment

was previously reported and explained in [44], [62], and we

complete this picture by adding the effect of lenses as it is the

key enabler of LensFD.

We provide a first-order analysis of LensFD’s performance

and its dependency on the transmission environment (i.e., the

multipath richness) as follows. For a typical UPA-structured

massive MIMO base-station, the direct path for the self-

interference channel is generally outside the base-station’s

broadside, which allows LensFD to effectively suppress its

power as illustrated in Fig. 9. In a typical outdoor scenario with a

limited number of reflection paths, the self-interference channel

is dominated by the direct path. In this case, the self-interference

channel power is effectively suppressed as the direct path power

is suppressed in LensFD. In comparison, with a stronger and

richer multipath reflection, the self-interference channel is no

longer dominated by the direct path. As illustrated in Fig. 9,

the reflection paths typically correspond to AoA and AoD

from within the broadside of the transmit and receive antenna,

thus having comparable or even stronger power compared to

the direct path in self-interference. Similar to the uplink and

downlink signal, sub-channels corresponding to these reflection

paths are also strengthened due to the beam reshaping effect of

LensFD, thus the desired suppressing effect over the combined

self-interference channel quickly diminishes to negligible, if not

even worse.

It’s worth noticing that the per-antenna measurements are not

sufficient to predict which size lens-array performs the best.

For example, in Section III large lens array yields the highest

antenna gain of 7 dB and improved directivity. In comparison,

the gain from small lens array is negligible to none. However,

here in the massive MIMO channel measurements, we observe

that small lens array in turn yields optimal performance with

the highest amount of self-coupling suppression. This illus-

trates that, it’s not sufficient to use per-antenna beam pattern

measurements to predict lens’ full-duplex performance as self-

interference in a UPA depends on interference from multiple

antennas and lens shape self-interference from different transmit

antennas in a complex manner. For instance, as we see in Fig. 5,

large lens array shapes patterns in rather complex manner,

and hence metrics like beamwidth and antenna gain are less

meaningful to predict self-coupling.

V. MASSIVE MIMO FULL-DUPLEX EVALUATION

In Section IV we used massive MIMO channel measure-

ments to show that by using lenses, LensFD can reduce the

self-interference strength by 4–7 dB in a typical outdoor envi-

ronment. To push forward the full-duplex performance, LensFD

combines a digital precoder with a lens array to achieve signifi-

cant overall self-interference reduction. Several precoder-based

self-interference suppression algorithms have been proposed,

e.g. SoftNull [13] and JointNull [12]. LensFD can be used

with any of the existing precoding methods. We will use Joint-

Null [12] as a representative precoder since it jointly optimizes

downlink beamforming and self-interference suppression, and

can be easily adapted with systems using lenses.

A. Experiment Design

We analyze LensFD performance in massive MIMO full-

duplex operations with real-world measurements from Sec-

tion IV. For the purpose of eliminating the effect of cross-

polarization self-coupling suppression, we only use the −45◦

polarized antenna for both base-station and the client radios.

Note that to provide sufficient downlink degrees-of-freedom,

i.e., the number of dimensions available for downlink transmis-

sion, the base-station needs to have at least the same amount

of transmit antennas as the number of downlink clients [12],

[13]. Since the precoder-based methods partition into transmit

and receive sub-arrays, and then further devote some of the

transmit degrees-of-freedom for self-interference cancellation,

the number of clients that can be supported is less than full-array

systems. Thus, we study a maximum of 20 client locations, i.e.,

Kd = Ku = 10, for both outdoor and indoor cases. We adopt a

similar analysis approach as [12] and focus on the comparison

between different lens configurations.

B. Main Results

Result 2: For a fixed downlink receive power, LensFD con-

sistently yields more self-interference suppression over no lens

in the outdoor case. Specifically, small lens array consistently

outperforms all lens configurations in the outdoor system. How-

ever, LensFD provides little to no lensing gains in the indoor

case.
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Fig. 10. Self-interference power using JointNull with fixed downlink receive
power pdl = −75 dB. For each Mt, we present results using the transceiver
configuration that yields maximum uplink power pul. Self-interference power
from no lens with no digital precoding is used as the 0 dB baseline. (a) Outdoor.
(b) Indoor.

Note that in Result 2, we fix the downlink receive power and

then optimize the digital precoder for each lens configuration.

This ensures that in each case, the downlink performance is the

same, thereby allowing fair comparisons.

In Fig. 10 we present the self-interference power psi with dif-

ferent number of transmit antennasMt. We use self-interference

power measured from no lens and no digital precoding as the

0 dB baseline and assume a −100 dB noise floor. For each

Mt, there exist several transceiver configurations that facilitate

self-interference suppression (more details in [12]). Each con-

figuration hasMt transmit antennas andMr = M −Mt receive

antennas, but differ from each other in which Mt antennas are

selected for transmitting. For each Mt, we fix the downlink

receive power to be −75 dB and calculate the corresponding

uplink power pul for each configuration. We present the results

using the optimal configuration with the highest uplink power

in Fig. 10.

We first analyze the result for the outdoor environment in

Fig. 10(a) where using lenses helps suppress self-interference

power. Note that all cases can suppress self-interference to

near zero for certain Mt where there are sufficient degrees-of-

freedom available. We first cast our eyes to the region before

nulling self-interference, that is, Mt ≤ 22 for all lens configura-

tions. In this region, no lens only enjoys a digital precoding gain

from JointNull and the overall self-interference suppression is

limited to 10-35 dB. By adding a lensing gain, LensFD pushes

Fig. 11. Self-interference and downlink receive power tradeoff curves for
small lens array with three different transceiver configurations. We show results
from the outdoor environment and use self-interference power from no lens with
no digital precoding as the 0 dB baseline.

forward the self-interference suppression to 15–44 dB. small

lens array consistently yields optimal performance as it provides

5–12 dB additional self-interference suppression as compared

to no lens. In comparison, the lensing gain from large lens

array is limited to at most 5 dB over no lens before nulling

self-interference. The difference in lensing gain across different

lens configurations is consistent with the self-coupling strength

analysis in Section IV.

In regions where self-interference can be suppressed to near

zero, small lens array also outperforms no lens as it requires

fewer downlink degrees-of-freedom withMt = 22, as compared

toMt = 23 for no lens. The saved downlink degrees-of-freedom

can be used in small lens array for downlink capacity improve-

ment.

In Fig. 10(b) we observe that in a typical indoor environment,

using lenses can hurt the full-duplex performance by increasing

self-interference power to the system, which is also consistent

with the analysis in Section IV. In the remainder of this section,

we omit relevant analysis of the indoor environment and focus

on the outdoor measurement results where a lensing gain is

available in LensFD.

Result 3: LensFD improves the tradeoff between downlink

power and self-interference suppression, compared to no lens

system.

In Fig. 11, we show the tradeoff for small lens array, which is

the optimal lens configuration for self-interference suppression

as shown in Fig. 10. For all transceiver configurations analyzed

in Fig. 11, LensFD significantly improves the tradeoff between

downlink received power and self-interference power. For ex-

ample, withMt = 20 (and thusMr = M −Mt = 14), LensFD

provides 3-12 dB additional self-interference suppression com-

pared to no lens. For a more asymmetric system with more

transmit antennas (more practical in real-world deployments)

as Mt = 20, LensFD performance gain over no lens is pushed

forward to 22 dB before nulling self-interference to near zero.

Result 4: In the outdoor environment, LensFD provides

achievable rate gain in both uplink and downlink, yielding at

most 1.6× sum-rate gain over the baseline of TDD with no lens.

In Fig. 12 we show the achievable rates for a continuum of

uplink-downlink rate power pairs for the outdoor case. We show
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Fig. 12. Achievable rate comparison across different lens configurations in the outdoor environment. The solid lines correspond to the achievable rate of each
lens configuration with JointNull precoder. The anti-diagonal red dashed line is the half-duplex (TDD) rate with no lens, and the horizontal and vertical ones are
the corresponding ideal full-duplex rate. The black diagonal dashed line corresponds to the symmetric sum-rate, i.e., αu = αd.

that compared to the half-duplex baseline with no lens, LensFD

with small lens array offers a 1.6× symmetric sum-rate (i.e.,α =
2αu = 2αd) improvement. The 1.6× sum-rate gain constitutes

two gains: duplexing gain and the lensing gain.

The duplexing gain is achieved by operating the base-station

in a full-duplex mode and using only the digital precoder to

suppress self-interference, much like past methods. As shown in

Fig. 12, for no lens the duplexing gain is 3 bps/Hz as it improves

the sum-rate from 49 bps/Hz (TDD) to 52 bps/Hz (full-duplex).

The lensing gain comes from additional self-interference sup-

pression due to the beam reshaping effect unique to LensFD.

As shown in Fig. 11 and 10, small lens array consistently

provides additional self-interference power suppression while

maintaining the same amount of downlink and uplink power.

This translates into an extra rate gain, that pushes the overall gain

to 80 bps/Hz, 1.5× the sum-rate of no lens in full-duplex mode,

or 1.6× the sum-rate of the baseline scenario with no lens in

TDD mode. As shown in Fig. 12, using small lens array with the

JointNull precoder yields a maximum sum-rate of 80 bps/Hz. We

highlight that lensing gain manifests throughout the rate region.

For example, both downlink-only and uplink-only rate points

(i.e., no full-duplex points) achieve a rate gain. That gain comes

from the fact that lenses increase the antenna main-lobe gain by

reducing side-lobes, which benefits both uplink and downlink,

even without full-duplex operation.

VI. CONCLUSION

In this paper, we presented LensFD, a scalable method that

uses a dielectric lens array to improve the performance of sub-

6 GHz massive MIMO full-duplex systems. The most attractive

aspect of LensFD is that its performance improvement can be

achieved potentially post-deployment for any system that atten-

tively adjusts its self-interference suppression based on measure-

ments. The proposed dielectric spherical lens arrays in LensFD

are cost-effective in the design and fabrication process and can be

easily installed mechanically over the existing UPA-structured

massive MIMO setup. One possible extension of this work

is to jointly optimize the system’s performance in full-duplex

operations by co-design of the antenna and lens array at the

base-station. We also plan to develop a beam-pattern-dependent

antenna array partition algorithm in future work such that the

base-station can intelligently partition the antenna array into

transmitting and receiving antennas based on the reshaped beam

pattern of each antenna.
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