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Abstract—This paper investigates the achievable rates of in-
band full-duplex antenna arrays within a limited area by varying
numbers of antenna elements. Patch and dipole antenna arrays
with ±45◦ and 0◦ − 90◦ element configurations are compared
based on their mutual coupling levels. Among them, the dipole
antenna array with a ±45◦ element distribution is selected for
calculating the channel capacities of in-band full-duplex systems
with varying numbers of antenna elements, all within a limited
area. The optimal element spacing is determined to be 0.5
wavelength at both 2.6 GHz and 7.5 GHz. Radiation patterns
and S-parameters of the fabricated antenna array are measured
at 3.6 GHz. These measured radiation patterns are then used to
compute the achievable Rates for in-band full-duplex operation,
further supporting the study’s conclusions.

Index Terms—Antenna array, In-band Full duplex, Base sta-
tion antenna, achievable Rates.

I. INTRODUCTION

Wireless communication is important in everyone’s daily
life. In order to pursue high-rate communications, researchers
have proposed different duplex-mode realizations [1]. Among
them, in-band full-duplex, in which transmission and reception
occur at the same time and in the same frequency band, has
the potential to as much as double the spectral efficiency
of traditional half-duplex systems [2], as shown in Fig. 1.
Researchers have used digital beamforming in addition to
analog beamforming to reduce self-interference, which is the
main challenge limiting the application of in-band full-duplex
between the transmitters and receivers in the base station [2]–
[6]. Base stations have limited physical space for placing
antennas, which restricts the number of antennas and their
spacing. When only a few antennas are placed within a limited
area, mutual coupling between antennas is reduced, which in
turn minimizes the need for digital self-interference reduc-
tion resources. However, this comes at the cost of reduced
achievable rates. On the other hand, increasing the number
of antennas can improve achievable rates but requires more
resources to mitigate digital self-interference. Consequently,
there is insufficient information regarding the optimal number
of in-band full-duplex antenna arrays that can be effectively
deployed within a limited space.

This paper begins by discussing the selection of antenna
types and distribution approaches, followed by the design of
antenna elements and arrays at 2.6 GHz within a limited area.
Next, the calculation model for in-band full-duplex with digital
beamforming is introduced, and the calculations are performed
at 2.6 GHz and extended to 7.5 GHz. Finally, the radiation
patterns and S-parameters of the fabricated antenna array at

3.6 GHz are measured, and the measured radiation patterns
are used to calculate the achievable rates of the in-band full-
duplex system, validating the calculations.

Fig. 1. The self-interference schematic of an in-band full duplex base-station
antenna array.

II. ANTENNA ARRAY DESIGN

In order to reduce the self-interference between the uplink
and downlink, the straightforward approach is to lower the
mutual coupling levels between antennas. For classical base-
station antenna arrays, patch antennas [7], [8] and dipole
antennas [9], [10] are two suitable options since they share
the aperture for two orthogonal polarizations with high polar-
ization isolation. When creating an array, self-interference also
arises from the mutual coupling of different elements. There
are two methods to distribute antenna elements, namely, ±45◦

and 0◦ − 90◦ distributions, as shown in Fig. 2. Through full-
wave simulations, we can determine which type of antennas
and distributions contribute to the lowest mutual coupling lev-
els between antennas. We implemented full-wave simulations
at 2.6 GHz for a dipole and patch 3 × 3 antenna array with
±45◦ and 0◦ − 90◦ distributions, respectively. The spacing
between antenna elements is d0 = 0.4λ0, where λ0 is the
free-space wavelength at 2.6 GHz. We can make a comparison

Fig. 2. Schematic of 2× 2 antenna element distributions in an array.

among these four cases, as shown in Table I. It can be observed
that the dipole array with ±45◦ distribution provides the



highest isolation and the largest bandwidth. Therefore, in the
following studies, we use dipoles to design the antenna arrays.

TABLE I
PERFORMANCE COMPARISONS FOR FOUR CASES AT d0 = 0.4λ0

−10 dB bandwidth Maximum mutual coupling
Patch (0◦ − 90◦) > 15% −6.7 dB

Patch (±45◦) > 15% −10.5 dB
Dipole (0◦ − 90◦) > 35% −7.2 dB

Dipole (±45◦) > 35% −13.5 dB

A. Element Design
The substrate is 1 mm thick FR4, with a dielectric constant

of 4.3 and a loss tangent of 0.016. The metal layer thickness
is 18 µm. The two orthogonal dipoles are fed by two coaxial
cables with a 0.15 mm-diameter center pin and a 1.19 mm-
diameter outer shield. The center pin is connected to the top
metal layer, while the outer shield is connected to the bottom
layer, as shown in Fig. 3. The dimensions of the antenna

(a) (b)

Fig. 3. (a) Side view of dual-polarized dipole antennas with coaxial cable
feeds. b) Side view of the antennas with the hidden substrate. H0 =
28.75 mm. The radius of the vias is 0.1 mm.

working at 2.6 GHz on the substrate are shown in Fig. 4.
The reflection coefficients and mutual coupling levels of the

Fig. 4. Top and bottom views of the substrate. g0 = 1 mm; W0 = 3 mm;
L0 = 5.06 mm; C0 = 2 mm; W1 = 0.5 mm; g1 = 8.4 mm; g2 = 11.4 mm;
L1 = 11.4 mm; L2 = 18.7 mm; C1 = 0.94 mm; W2 = 0.5 mm.

dual-polarized antennas are shown in Fig. 5(a), and the 3D
radiation pattern of one antenna is shown in Fig. 5(b), as
the other antenna has a nearly identical radiation pattern. The
−10 dB impedance bandwidth is > 600 MHz, and the mutual
coupling level between the two antennas is below −29 dB at
2.6 GHz. The realized gain of the antenna is approximately
8 dBi.

B. Array Design
By using the antenna element designed in Section II-A, we

create an antenna array within a limited area of 300×600 mm2.
The antenna distributions are based on Fig. 2, i.e., a dipole

antenna array with the ±45◦ distribution. We vary the number
of antenna elements from 1× 2 to 6× 12 with spacing from
2.6λ0 to 0.43λ0, where λ0 is the free-space wavelength at
2.6 GHz. Fig. 6 shows an example of a 5× 10 antenna array
with 100 antenna feeds.

(a) (b)

Fig. 5. (a) Simulated S-parameters of the dual-polarized antennas. (b)
Radiation pattern of one antenna.

Fig. 6. 5×10 antenna array with 100 antenna feeds. The substrate is hidden.

III. IN-BAND FULL DUPLEX

A. Calculation Model
There are different allocations for uplink and downlink sub-

arrays in an in-band full-duplex antenna array, such as West-
East, North-South, Northwest-Southeast, and Interleaved, as
shown in [2, Fig.7]. Based on the conclusions in [2], the
West-East distribution is the best for the 300 × 600 mm2

area, as shown in Fig. 6, where the left and right parts
belong to downlink and uplink sub-arrays, respectively. In
this distribution, the main self-interference results from the
antennas in the downlink sub-array near the uplink sub-array.

The signals’ strength meets the Rayleigh fading. In other
words, these signals (p(θ, ϕ) = 1√

2
(x + jy)) are independent

and identically distributed (i.i.d.) zero-mean complex Gaussian
variables with unit variance. Therefore, we have hn to describe
the channel [11] written as

hn =
exp (−jk0d)

d

∫ √
G0,i(θ0, ϕ0)p(θ, ϕ) sin θ dθ dϕ, (1)

where k0 is the free space wave number, n is the n-th antenna
in the array, and d is the distance between the user and the
base-station antenna array.

The goal of the signaling scheme in this paper is to project
the strong self-interference onto their noise subspace while
using maximum-ratio-combining and precoding for the uplink
and downlink channels without considering their alignment
with the self-interference. Therefore, the self-interference re-
duction algorithm in [12] is applied in this paper. It is assumed



that each mobile user has one single antenna. We define the
precoders, P r and P t [12]. Then the signal obtained after
coding at the base station is

ŷup = P rHupxup + P rHselfP txdown + P rnup, (2)

where Hself ∈ CMup×Mdown , Hup ∈ CMup×Kup is the uplink
channel matrix, xdown and xup are the vector of symbols
transmitted by and received by the base station, and nup ∈
CMup is the noise at receiving antennas in base station. Mup

and Mdown are the number of the transmitting and receiving
antennas in the base station. Kup is the number of the uplink
users. If we select the eigen-beamforming, by using Hself =
UΣV H, we can obtain P r = ST

r U
H and P t = V St, where

ST
r ∈ {0, 1}Nup×Mup and St ∈ {0, 1}Mdown×Ndown , and Nup

and Ndown are the number of effective antennas for uplink and
downlink, respectively [2]. By minimizing the self-interference
term, one strategy is to choose [12]:

ST
r =

[
0 INup

]
and St =

[
0

INdown

]
. (3)

Similarly, when the interference caused by uplink users on
downlink reception is minimized, we assume no interference
between users [2]. In this way, we can focus only on the self
interference at the base station. The precoded signal received
by users is

ŷdown = HdownP ZFP txdown + ndown, (4)

where Hdown ∈ CKdown×Mdown ; ndown ∈ CKdown is the noise
at Kdown downlink users; P ZF is the precoder for zero-forcing
beamforming [2].

Formulas (14) and (15) in [2] can be used to calculate the
multiple users’ total rates for the uplink and downlink, when
the powers of the desired signals, self-interference signals, and
noise are known.

B. Configuration

In the calculation, we assume that the signals come from
or reach the broadside direction of the antenna array over a
sphere, i.e., θ ∈ [0◦, 70◦] and ϕ ∈ [0◦, 360◦). Here, we only
consider Hself as coming from the mutual coupling between
antennas. The non-line-of-sight components due to ambient
bounces are neglected in our calculations. We can therefore
estimate Hself by the measured S-parameters of the antenna
array. Only one uplink user and one downlink user are consid-
ered for calculation simplification, i.e, Kup = Kdown = 1. The
thermal noise floor is −90 dBm, where the signal bandwidth
is assumed to be 100 MHz. The noise dynamic range ratio K
is −25 dBc. The total output power of the antenna array in
the base station is 0 dBm, and the output power of the user
equipment is −10 dBm. Additionally, we have Nup = Mup,
meaning no self-interference cancellation on the receiving side
of the base station.

C. Achievable Rate Calculation

We calculate the achievable Rates for in-band full du-
plex with self-interference reduction using eigen-beamforming
(SVD-IBFD), as described in Section III-A. For comparison,

we also compute the channel capacities for in-band full
duplex with perfect self-interference reduction (Bound-IBFD),
in-band full duplex without self-interference reduction (No-
IBFD), and half duplex (HALF) as reference points.

1) Change Ndown: We place 5 × 10 antenna elements in
the 300 × 600 mm2 area, comprising 50 antenna feeds for
downlink and 50 antenna feeds for uplink in the in-band full-
duplex configuration, and 100 antenna feeds for both uplink
and downlink in the half-duplex configuration. We then change
Ndown from 1 to 50. The users for both uplink and downlink
are located 200 m away from the base station array. It can
be seen from Fig. 7 that the Bound-IBFD represents the
upper boundary of the in-band full duplex, while the No-IBFD
represents the lower boundary. The half-duplex configuration
provides a medium level for uplink, downlink, and sum rates.
The SVD-IBFD exhibits increasing and decreasing trends for
uplink and downlink, respectively. When Ndown = 22, SVD-
IBFD yields the largest value, close to the Bound-IBFD.

(a) (b)

(c)

Fig. 7. (a) Uplink rates, (b) downlink rates, and (c) sum rates with different
Ndown.

2) Change Mup and Mdown: We change the number of
antenna elements from 1× 2 to 6× 12, i.e., Mup = Mdown =
2, 8, 18, 32, 50, 72, 98, and calculate their rates with SVD-
IBFD, Bound-IBFD, No-IBFD, and HALF modes. When
calculating SVD-IBFD rates, we obtain the maximum rate and
its relevant Ndown. In Fig. 8, we can find that the sum rate
is highest when spacing d0 ≈ 0.5λ0. When the number of
antennas is large enough, the SVD-IBFD can provide the sum
rate as the Bound-IBFD, as shown in Fig 8(c).
D. Scalability

We also change the user distance to 500 m and the base
station output power to −10 dBm. We still find that the
spacing d0 ≈ 0.5λ0 can provide the largest sum rates for
SVD-IBFD, Bound-IBFD, No-IBFD, and HALF modes. To
determine whether the obtained trends of rates are general for
each frequency, we also change the antenna elements within
a fixed area of 100 × 200 mm2 at 7.5 GHz. A similar trend



(a) (b)

(c) (d)

Fig. 8. (a) Uplink rates, (b) downlink rates, and (c) sum rates, and (d) Mup,
Mdown, and Ndown with different spacing d0.

can be observed at 7.5 GHz. Due to page limitations, we do
not show them here.

IV. MEASUREMENTS OF ANTENNA ARRAY

A. Fabrication

Because of the limitations of our measurement equipment,
300×600 mm2 is too large for antenna radiation measurements
in the Starlab at Aalto University, which measures antenna
patterns based on near-field spherical scanning with multiple
probes. Additionally, 7.5 GHz is out of the frequency range of
the system. Therefore, we finally scale the antenna element to
operate at 3.6 GHz. The relevant parameters for each antenna
element are listed as follows: g0 = 1 mm; W0 = 3 mm;
L0 = 3.65 mm; C0 = 2 mm; W1 = 0.5 mm; g1 = 6.1 mm;
g2 = 8.3 mm; L1 = 8.4 mm; L2 = 13.5 mm; C1 = 0.94 mm;
W2 = 0.5 mm; H0 = 20.8 mm. We fabricated an antenna
array with 100 feeds within a 220×430 mm2 area. Therefore,
the spacing d0 between elements is around 0.5λ0 at 3.6GHz,
as shown in Fig. 9.

Fig. 9. Fabricated prototype of 5×10 antenna array within 220×430 mm2.

B. Measurements

1) S-parameter Measurements: A 2-port vector network
analyzer (VNA) is used to measure the S-parameters. When
two ports are connected to the VNA, the other ports are
terminated by 50 Ω loads. Measuring the full S-parameter
matrix of 100 ports is time-consuming; therefore, we only

measured some ports’ reflection coefficients and mutual cou-
pling levels. The reflection coefficients of the 50 Ω loads are
< 29 dB in the frequency range of interest. The thermal
noise level is < −120 dB when the intermediate frequency
is 100 Hz. When measuring the mutual coupling levels,
some absorbers are used to reduce environmental reflections.
Fig. 10(a) shows the measured reflection coefficients for some
representative ports, and the simulated reflection coefficients
for Port 66 are also displayed, representing the majority of
the ports’ reflection coefficients. A resonance frequency shift
due to fabrication tolerances can be seen in the measured
curves. Fig. 10(b) illustrates the mutual coupling levels for
different distances between two ports. The mutual coupling
level between the farthest two ports, i.e., Port 1 and Port
100, is around −60 dB at 3.6 GHz. It can be observed that
the measured curves exhibit similar levels to the simulated
ones, demonstrating good agreement. The low-level measured
curves show some ripples due to environmental reflections and
imperfect absorbing materials.

(a) (b)

Fig. 10. Fabricated antenna array’s (a) reflection coefficients and (b) mutual
coupling levels.

2) Radiation Pattern Measurements: All 100 antennas’
radiation patterns were measured in the StarLab at Aalto
University using the setup shown in Fig. 11(a), where the
antenna under test (AUT) is connected to the feeding cable,
while the other antennas are terminated by 50Ωloads. The
measured and simulated total efficiencies are displayed in
Fig. 11(b). It can be observed that the measured efficiencies
are approximately 5% lower than the simulated ones because
the losses from the feeding thin cables are not included in the
simulation model. Some representative radiation patterns are

(a) (b)

Fig. 11. (a) Setup for radiation pattern measurement; (b) total efficiencies of
all antennas in the fabricated antenna array.

shown in Fig. 12. A good agreement is observed between the
simulation and measurement, especially for the main beams
of the radiation patterns.



(a) (b) (c)

(d) (e) (f)

Fig. 12. 2D cut of radiation pattern for (a) Port 7, (b) Port 23, (c) Port 37,
(d) Port 57, (e) Port 78, and (f) Port 100 at 3.6 GHz.

C. Achievable Rate Calculation

The same setups as at 2.6 GHz are used for 3.6 GHz.
The uplink and downlink user distances are 200 m from the
base stations. The channel capacities with different numbers
of effective downlink antennas are calculated, as shown in
Fig. 13. The measured curves are derived using the measured

(a) (b)

(c)

Fig. 13. (a) Uplink rates, (b) downlink rates, and (c) sum rates with different
Ndown at 3.6 GHz.

radiation patterns with compensated total efficiencies, which
are obtained by the difference between the simulated and
measured curves in Fig. 11(b). Fig. 10 shows that the measured
S-parameters of selected ports are very similar to the simulated
ones. In order to reduce the measurement workload, we
assume that all the ports’ measured S-parameters are similar
to the simulated ones. We use the simulated S-parameters
to derive the measured curves. The obtained rate curves are
shown in Fig. 13. It can be seen that the measured curves

agree with the simulated ones for SVD-IBFD, Bound-IBFD,
No-IBFD, and HALF modes.

V. CONCLUSIONS

This paper calculates the achievable rates of an in-band
full duplex antenna array within a limited area by varying
numbers of antenna elements. Through full-wave simulations,
the dipole array with ±45◦ distributions provides the lowest
mutual coupling levels. The full-wave simulation results at
2.6 GHz indicate that a 0.5λ0 element spacing yields the
largest achievable rates for the in-band full duplex mode.
When extending the calculations to different user distances
and 7.5 GHz, similar results are observed. For the achievable
rates calculation using the fabricated antenna array operating
at 3.6 GHz, the results obtained with measured radiation
patterns show excellent agreement with those calculated using
simulated ones, further justifying the studys conclusions.
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