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Inter-Terminal Interference Evaluation of Full Duplex MIMO Using

Measured Channel

Yuta KASHINO'®, Masakuni TSUNEZAWA, Student Members, Naoki HONMA ',

SUMMARY In-band full-duplex (FD) Multiple-Input and Multiple-
Output (MIMO) communication performs uplink and downlink transmis-
sion at the same time using the same frequency. In this system, the spectral
efficiency is theoretically double that of conventional duplex schemes, such
as Time Division Duplex (TDD) and Frequency Division Duplex (FDD).
However, this system suffers interference because the uplink and downlink
streams coexist within the same channel. Especially at the terminal side, it
is quite difficult for the terminal to eliminate the interference signals from
other terminals since it has no knowledge about the contents of the interfer-
ence signals. This paper presents an inter-terminal interference suppression
method between the uplink and downlink signals assuming the multi-user
environment. This method uses eigen-beamforming at the transmitting
terminal to direct the null to the other terminal. Since this beamforming
technique reduces the degrees of freedom available, the interference sup-
pression performance and transmitting data-rate have a trade-off relation.
This study investigates the system capacity characteristics in multi-user full-
duplex MIMO communication using the propagation channel information
measured in an actual outdoor experiment and shows that the proposed
communication scheme offers higher system capacity than the conventional
scheme.

key words: MIMO, full duplex, interference reduction, inter-terminal in-
terference

1. Introduction

One of the important issues in wireless communication is
increasing the capacity within the constraints of the limited
spectral resources [1]. Hence, the future wireless system is
required to achieve higher spectral efficiency than current
systems. To satisfy this requirement, in-band full duplex
(FD) communication [2]—[4] is being studied. Current and
conventional systems use Frequency Division Duplex (FDD)
or Time Division Duplex (TDD) scheme. FDD requires two
separate frequency bands for uplink and downlink transmis-
sions. TDD requires only a single frequency band and the
uplink and downlink connections share the same channel but
in different periods. This may cause a reduction in commu-
nication speed because the transmitter and the receiver are
not operated at the same time.

To solve these problems, in-band FD multiple-input
and multiple-output (MIMO) communication is being stud-
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ied [5], [6]. The FD scheme is expected to double the fre-
quency utilization efficiency compared with conventional
duplex schemes such as FDD and TDD, because the FD
scheme uses the same frequency channel to realize simul-
taneous uplink and downlink transmission. As pointed out
in the above references, self-interference suppression is a
key challenge in the FD scheme because the receiver is af-
fected by the significantly strong signal transmitted from the
station’s own transmitting antenna. Study [5] uses various
kinds of techniques, both analog and digital, and interference
cancellation of more than 100dB was realized. Also, the
antenna arrangement can be exploited for self-interference
cancellation [7], and the authors have extended this idea to
MIMO systems [8]. However, none of these techniques are
suitable for mobile terminals because they require highly
complex or bulky hardware for achieving high interference
cancelation performance.

One solution to this problem is the unidirectional FD
scheme [9]. In this scheme, only the base station or the relay
station performs simultaneous transmission and reception.
Even though the terminal station does not perform simul-
taneous transmission and reception, the spectral efficiency
is doubled because the uplink and the downlink communi-
cation are realized at the same time without extending the
bandwidth. Accordingly, the RF front end used in the current
mobile handsets can be used because no simultaneous trans-
mission and reception is performed at the terminal. How-
ever, there is a problem that interference occurs between the
terminals because transmitting terminals will coexist with
receiving terminals. A solution must be found in the physi-
cal layer because it is very difficult to reconstruct the desired
signal because the interference distorts and adds noise to the
signal. Moreover, the knowledge of the contents of the in-
terference signal from the other terminal is not available at
the receiving terminal, which makes it difficult to solve the
problem.

This paper focuses on the inter-terminal interference
and proposes an inter-terminal interference suppression
method to improve the system capacity including uplink
and downlink users. The proposed method uses eigen-
beamforming at the transmitting side, as this renders it un-
necessary for the receiving terminal to acquire any priori in-
formation. However, the transmission capacity is degraded
because some array degrees of freedom are consumed by
null-beamforming. Since the necessary degrees of freedom
for null-beamforming depend on the environment between

Copyright © 2018 The Institute of Electronics, Information and Communication Engineers
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the transmitting and receiving terminals, this needs to be
clarified in actual environments. Accordingly, we carried
out a channel measurement campaign, and the feasibility of
the proposed FD scheme was confirmed.

In the remainder of this paper, 2 explains the principle
of the proposed method, while 3 and 4 show experimental
conditions and results, respectively.

2. Interference Suppression Method by Eigenbeam-
forming

2.1 Proposed System Model

Figure 1 shows the system model considered in this study.
Although there may be many users communicating in the
coverage area of the BS, just two users are considered in
this FD scenario. User selection and scheduling are not
taken into consideration for simplicity because we focus on
the fundamental performance of the FD system. Although
estimating and sharing the time-varying channel informa-
tion is an important problem, this study assumes that the
channel information is already known at all stations. These
problems are quite important and they will be resolved in
future work. This system model assumes the following situ-
ation: uplink user terminal 1 (UT1) and downlink user ter-
minal 2 (UT2) communicate with the BS (Base Station) at
the same time. The BS employs separate transmitting and
receiving antennas to enable simultaneous communication
through uplink channel H; and downlink channel H»; per-
fect self-interference elimination inside the BS is assumed.
This assumption is quite important because the focus of this
paper is inter-terminal interference. The signal transmitted
from UT1 reaches UT2 via the interference channel, H;.
Though this scheme alleviates the intense self-interference
inside the UTs, the transmitted signal for one UT interferes
with the other UT. To solve this problem, this study adopts
an eigen-beamforming technique at the transmitting UT, i.e.
UT1 directs a null to UT2. The capacity improvement due
to the proposed scheme is evaluated using a propagation
channel measured in an actual outdoor environment.

2.2 Eigen-Beamforming Method

First, we describe the eigen-beamforming method used for
interference suppression. Figure 2 shows the concept of
eigen-beamforming. The inter-terminal interference channel
matrix is defined as,

hitn - hin,
H; = : : ’ )
hi,N21 hi,Nle

where the size of the matrix is N, X N; when the numbers
of antennas of the uplink and downlink terminals are N and
N>, respectively, see Fig.2. Singular value decomposition
of H; can be expressed as,

H; = Ui 2)
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Fig.1  Proposed system model.

Fig.2  Conceptual diagram of eigen-beamforming.

In the above equation, U; and V; are singular vector ma-
trices, and X; is a singular value matrix. {-}H represents
the complex conjugate transpose of the matrix. Also, the
maximum number of eigenvalues, N, in H; is defined as,

N = min(Nq, N»y). 3)

The singular vector matrix of (2) is expressed as,

Ui = [ui1,---,uin,] 4
Y = diag(y/4Ai1, -+, Y AiN) 5)
Vi =I[vi1,--,oin, ] (6)
Ai1, -+, Ay n; is a list of eigenvalues arranged in descending
order. Also, interference power P; through H; is written as
Py
P. = ||H:|I22E
i = ||Hillg N
= (A + '+/liN)ﬁ~ @)
, NN

where || - || represents the Frobenius norm, and P;; is the to-
tal transmitting power at UT1. In this beamforming scheme,
some of the column vectors in the singular vector matrix, Vj,
are used for transmitting weight. When L degrees of free-
dom are used for interference suppression, the interference
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is minimized by choosing the L vectors corresponding to the
lowest L eigenvalues. Hence, the transmitting weight vector
is expressed as,

Vi(N_L) =[v, L4155 0 N - ®

The receiving vectors corresponding to this transmitting
weight are written as,

UN™D = [u, 1, u, N, - 9)
Note that the receiving weight is not used in an actual system,
but is defined here just to simplify the following discussion.
Applying these weights, self-interference channel H; is con-
verted into the equivalent inter-terminal interference channel
H,®-D expressed as,

Hi(NfL) — U(NfL)HHiV(NfL)

diag(v/Aiz+1, - > VALNDs (10

where the number of streams in this case is N — L. When
this transmitting weight is used, the interference power given
by,

- - Py
PiE = H R
1

Py
(Ai,L+1 +"‘+/1LN)V~ (1D
1

By using the transmitting weight mentioned above, the inter-
ference power at the receiver becomes smaller than (7). Us-
ing the lower-ranked eigenvectors as the transmitting weight
makes it possible to suppress the interference power. How-
ever, this reduces the maximum possible number of streams
at the transmitting terminal, which may degrade the trans-
mission capacity. In this study, we consider the effect of the
reduced number of degrees of freedom on the transmission
capacity characteristics.

3. Experimental Conditions and Experimental Envi-
ronment

Figure 3 shows the base station antennas and user terminal
antennas used in this measurement. In this measurement
campaign, the center frequency was set to 2.47125 GHz.
This experiment assumed that the two terminals simultane-
ously communicate with the base station. The base station
antenna consists of four subarrays, each of which has four-
element vertical patch antennas, where the signals at all
elements are combined through the feedlines with identical
phase delays. In the FD scheme, the number of BS antennas
is four, and same BS antennas are used in measuring both
H | and H,. Each terminal has a four-element sleeve linear
array, where the inter-element spacing is set to 0.5 4 (4:
wavelength in a vacuum).

Figure 4 shows the measurement environment and
route. In this photo, point A is 65 m away from point C,
which is just under the building mounting the BS, and point
B lies midway between them. UT2 was located at point C
or point D. All channels existing among the BS, UT1, and
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(a) Base station antennas (b) Users terminal antenna

Fig.3  Antennas used.

Fig.4  Measurment route.

UT2 (H,, H,, H;) were measured while UT1 was moved
from point A to point C by way of point B. Also, the array
orientations of the user terminals were set on either the x or
y direction as shown in Fig. 4.

4. Results
4.1 Eigenvalue Distribution

Figure 5 shows the eigenvalue characteristics of two differ-
ent channels versus UT1 location, which is measured by d
(the distance from point C) ; UT2 remains fixed at point C.
Result (a) shows the eigenvalues of the channel between BS
and UT1, and (b) shows the eigenvalues of the channel be-
tween UT1 and UT2. These figures show that the average
difference between the first eigenvalue and the second eigen-
value is 16.8dB and 12.6dB for BS-UT1 and UTI1-UT2,
respectively. Hence, the eigenvalues (other than the first one
in the interference channel between UT1 and UT2) remain
relatively higher than that between BS and UT1. The reason
for this is that the effect of multipath propagation is more
intense between two ground-level sites than that from a low
site to the BS, whose elevation is much higher than ground
level.

4.2 FEigenvalue Criteria: Achievable Rate Definition

In this evaluation the number of antennas at all stations are
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Fig.5 Distance characteristics of eigenvalue distribution.
identically given as N = N, = Ng = M, and the transmit-
ting power at all stations are also identical as P for simplic-
ity. This assumption is fair because the transmission power
is limited by RF frontend performance, and all stations are
assumed to have the same RF frontends in this study.

The transmission capacity was calculated using the fol-
lowing equations,

Ci =log, |I + H\H\" —— (12)
g
n
C = log, |I + HyH," 2 13
2_0g2+22M0',2, (13)
1
Ctpp = E(Cl +C2) (14)
H Pt
Cmu-mivo = logy (I + HyH 5 5)
Mo,
Cigr =
P
logy [T + (H VN ")y (H,V;N-IHH | (16)
Mo,
CoBr =
. -y P
log, [ + (H,"UN D" (H,TU,N-DYH _ZL_| (17)
Mo?
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Table1 Summary of the signal flow and capacity.
Period 1 Period 2 Capacity
UT1 UT2 UT1 UT2
TDD Uplink - - Downlink Eq. (14)
MU-MIMO | Downlink | Downlink | Downlink | Downlink Eq. (15)
FD Uplink Downlink | Downlink Uplink Eqgs. (16)—(19)
P
CZiZIOgZ I+ H2H2H t2
Moy,
P, -1
: {1 + (HiV#N-“)(HiVﬁN—”)H—‘2} (18)
Mo,
.
C11=10g2 I+(H1TH1* t2)
Mo,
P -1
: {1 + (HU; N (H U,V >HM—‘2} . (19)
n

where o-,zl is the noise power, {-}* represents conjugate op-
eration, and C; and C; represent the raw uplink and down-
link capacities without any interference and beamforming.
Vl(.N L and U EN -0 represent the eigenvectors correspond-
ing to (N — L + 1)th~Nth eigenmodes. Although C; and C;
represent UT1 uplink and UT2 downlink capacities, respec-
tively, UT1 downlink and UT2 uplink capacities are identical
to C; and C;, respectively due to the channel capacity du-
ality [10]. Ctpp represents the TDD system capacity when
the burst period is equally shared by uplink and downlink.
Cmu-mimo is the downlink capacity with block diagonaliza-
tion (BD) based multi-user (MU) MIMO [11], [12], where
BS uses a four element subarray and each UT uses two eigen-
modes corresponding to the two highest eigenvalues. Hy
represents the channel when BD-based weight is applied at
both transmitter and receiver sides. The weight determi-
nation method is detailed in Appendix. Cpgp is the system
capacity using the proposed FD scheme. The signal flow
and capacity are summarized in Table 1.

Since the proposed FD scheme has two periods to re-
alize the bidirectional communication between the BS and
UTs, the capacities with periods 1 and 2 are averaged as,

1
Crp = E(CIBF(UL) + Coi(DL)

+ Cagr(UL) + Cyi(DL)). (20)

C1Br, CoBF, C1j, and Cy; are the partial capacities that are
used for calculating the proposed FD system capacity [13],
Crp. When UT1 and UT?2 are the uplink and downlink users
at a certain moment, the uplink and downlink capacities
are expressed as Cgp and C»j, respectively, and the system
capacity at this moment is defined as the sum of them. L
indicates the number of freedom used for forming nulls at the
uplink terminal, where the capacity without beamforming
is calculated by setting L = 0. UTI uses L degrees of
freedom for nulling, so CipF is reduced by the number of
nulls. Though UT?2 is receiving the signal from the BS, the
remaining interference from UT1 impacts the capacity of
UT?2 as Cp;. At the next moment, UT1 and UT2 become the
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Fig.6  CDF of channel capacity between A-B.

downlink and uplink users, and the signal flow direction is
reversed. Cppp and Cy; are the capacities when the uplink
and downlink users are switched, and the system capacity
is defined as the sum of them. Therefore, the total system
capacity of the proposed FD is defined as (20) because this
study assumes the uplink and downlink periods are assigned

equally.

4.3 Transmission Capacity Characteristics when UT2 is
Placed at Point C

Figures 6 and 7 show the Cumulative Distribution Func-
tion (CDF) of the transmission capacity of the various com-
munication methods discussed in 3, where UT2 is placed
at point C, UT1 moved between A and B, and then be-
tween B and C. In this arrangement, UT2 and BS lie on
the same line from UT1. This means the capacity of the
proposed FD is likely to be worst since the desired signals
from UT1 to BS are also suppressed by null-beamforming
to UT2. TDD, MU-MIMO, and FD represent the chan-
nel capacities of TDD, multi-user MIMO, and FD MIMO.
The terms w/o BF, w/ BF1, and w/ BF1&2 stand for the
channel capacities when the value of L in equations (16)—
(19) is 0, 1 and 2, respectively. These results confirm that
in both cases the FD scheme outperforms TDD and MU-
MIMO schemes. Of particular interest in Fig. 6(a), FD with
beamforming (w/ BF1 and w/ BF1&2) yields better per-
formance than FD without beamforming (w/o BF), and FD
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(w/ BF1) improves the median value of the transmission ca-
pacity by 14.4 and 7.19 Bits/s/Hz compared to that of TDD
and MU-MIMO, respectively, when the terminal antennas
are co-linear on the x axis direction and UT1 is located be-
tween A and B. On the other hand, the advantage of the FD
scheme compared to TDD and MU-MIMO schemes is small
in Fig.7, as UT1 lies between B and C, i.e. the distance
between the two UTs is quite short, i.e. the interference is
not sufficiently suppressed. Nevertheless, Fig.7(b) shows
FD with beamforming (w/ BF1 and w/ BF1&2) yields better
performance than all other schemes including FD without
beamforming (w/o BF) when both UT arrays are face the y
axis direction. The curve, FD (w/ BF1), plotted in Fig. 7(b)
shows an improvement in the median value of the transmis-
sion capacity by 5.79 and 4.19 Bits/s/Hz compared to TDD
and MU-MIMO, respectively. This is because the first eigen-
value in the interference channel becomes large compared to
the other eigenvalues, and this condition suits the beamform-
ing technique. These results confirm that high performance
is attained when the two UTs operate in end-fire orientation.

4.4 Transmission Capacity Characteristics when UT2 is
Placed at Point D

Figures 8 and 9 plots the CDF of the transmission capacity of
the various communication methods, where UT2 is placed
at point D, and UT1 moves between A and B, and then be-
tween B and C. In this case, the directions of the users as
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seen from the BS are different, so BD-based MU-MIMO is
expected to offer better performance than that demonstrated
in Figs.6 and 7. The inter-user direction with respect to
the array orientation varies depending on UT1 location, and
this is the cause of the great performance variation in the
proposed scheme shown in Fig.8. The performance vari-
ation can be understood from the spread of CDF in Fig. 8.
Nevertheless, from the results shown in Fig. 8, the curve,
FD (w/o BF), shown in Fig. 8(a) realizes higher channel ca-
pacity than the conventional method as in 4.3, and improves
the median value of the transmission capacity by 15.2 and
8.36 Bits/s/Hz compared to that of TDD and MU-MIMO,
respectively. Similarly, when UT1 is located between B and
C where the terminal antennas are co-linear in the x axis
direction, the curve, FD (w/ BF2), shown in Fig. 9(b) real-
izes higher channel capacity than the conventional methods,
and improves the median value of the transmission capacity
by 10.5 and 7.39 Bits/s/Hz compared to that of TDD and
MU-MIMO, respectively. Both antenna arrangements im-
prove the capacity of the FD MIMO communication system
by up to 2.1 Bits/s/Hz even if just a single-null is used. The
measurements reveal that eigen-beamforming attains supe-
rior performance even when the inter-terminal distance is

small and the interference power is large.
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5. Conclusion

This paper introduced an inter-terminal interference sup-
pression method for a FD MIMO communication system,

where uplink and downlink users are simultaneously active.
For interference suppression, the transmitting user employs
the eigen-beamforming method. A field measurement cam-
paign showed that the FD MIMO communication scheme
offers larger transmission capacity than the conventional
schemes regardless of the inter-user distance. The mea-
surement results showed the proposed scheme improved the
median value of the transmission capacity from 1.30 to 1.53
times over that of the conventional TDD and MU-MIMO

schemes in the scenario considered.
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Appendix: The Weight Determination by BD Method

The weight is determined by BD method for MU-MIMO
scheme, but the total number of the antennas at the UT
side is larger than that at the BS. This means the normal
BD method cannot be simply applied to this case. First,
we consider downlink channel H» in Fig.1. The number
of antennas at all stations are identically given as M = 4.
Therefore, singular value decomposition of H, defined by
(2)—(6) is written as,

Hy = [usy,- -, uz4]Zalva, -+, 02417, (A-1)

Also, we select the highest two eigen-modes out of four
modes, and the eigenvectors, u, | and u, 2, corresponding to
the selected eigen-modes are used as the receiving weights.
Therefore, the downlink channel with mode selection is de-
fined as,

H,, = [uy,u,]"H,. (A-2)

We perform same processing for H;” and calculate H 4.
By using this mode selection technique, the total number of
the equivalent antennas at UT side is four, which is exactly
same to the number of the antennas at BS. Therefore, the BD
method can be applicable for this scenario.
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