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Abstract—Full-duplex (FD) communication is an enabling
technology to increase spectral efficiency. The self-interference
(SI) resulting from sharing time and frequency resources
between different transceivers in FD mode must, however, be
managed. At millimeter wave (mmWave) frequencies, FD communication is different than at sub-6 GHz frequencies, because
non conventional MIMO architectures and large antenna arrays
are often used. In this paper, we address a major challenge
for FD mmWave systems: the design of hybrid precoders
and combiners that simultaneously maximize the sum spectral
efficiency and cancel the SI in the analog domain, to keep control
of the signal level at the input of the analog-to-digital converters
(ADCs). The optimal joint design is a very difficult problem,
since it involves the optimization of eight precoding/combining
matrices with several constraints, some of them non convex. We
derive two suboptimal solutions which exhibit near-optimum
spectral efficiency and significantly outperform prior work in
terms of SI cancelation.

I. I NTRODUCTION
FD MIMO communication in sub-6 GHz bands has been
actively studied in the last years due to its potential to double
the spectral efficiency of a wireless system. A key ingredient
of FD systems is the SI canceler. At lower frequencies,
two main different solutions are available: based on analogcircuit domain methods plus digital cancelation of residual
interference (see [1] for example), and based on spatial
suppression using digital precoding/combining (such as in
[2]).
The FD problem at mmWave bands is different, because
the gain provided by large antenna arrays is needed and
all-digital MIMO architectures are not feasible at every
device. Hybrid MIMO architectures [3], with a digital and an
analog precoding and combining stage, are supported in IEEE
802.11ay, and, to a limited extent, in the first release of 5G. In
this context, spatial SI cancelation for FD is relevant—given
the large number of antennas at the mmWave arrays, the
number of degrees of freedom of the system is high, and
the same analog precoding-combing circuit could be jointly
used to beamform the communication signal and cancel the
SI. This idea could also be applied to FD systems based on
analog-only MIMO architectures. A few analog-only designs
have been proposed in the recent literature [4], but these
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architectures are less interesting because they are limited to
single-stream communication.
To the best of our knowledge, only [5] derives a solution
for a FD system based on a hybrid MIMO architecture
operating at mmWave frequencies. The limitations of this
design are, however, very strong. The SI is canceled in the
digital domain, with the subsequent lack of control of the
signal level at the input of the ADC, as we will show in
our simulations. Moreover, the proposed method converges to
eliminating paths and even communication in one direction.
In this paper, we propose a procedure to derive a solution for the design of a hybrid mmWave FD system that
simultaneously cancels the SI in each radio frequency (RF)
chain and significantly increases the spectral efficiency of the
system. When compared to [5], we show that our method
preserves the desired signal, while digital cancelation is not
effective. Moreover, besides effectively cancelling SI, our
design achieves a higher net spectral efficiency.
Notation: We use the following notation throughout this
paper: x, x, X are used for a scalar, a column vector and a matrix, respectively; []a , []a denote a numerical and a categorical
subindex; [x]a , [X]a,b , [X]:,b are used for vector and matrix
indexing; X1/2 represents the Cholesky decomposition of the
symmetric positive semidefinite matrix X, that s, Q = X1/2
for X = QQH ; T is the complex toroid {z ∈ C |z| = 1};
finally, kxk and kXkF are the euclidean and Frobenius norm.
II. S YSTEM MODEL
We consider the narrowband hybrid FD mmWave communication system between transceivers i and j shown in
Fig. 1, where variables i and j are reserved to denote the
pairs (i, j) ∈ {(1, 2), (2, 1)}. Both transceivers operate in
FD mode, so that they transmit and receive at the same time.
The number of transmit and receive antennas at transceiver
i is denoted as NTx,i and NRx,i respectively. Similarly,
NRF-Tx,i and NRF-Rx,i represents the number of transmit
and receive RF chains at transceiver i. NS,i is the number
of streams to be transmitted by transceiver i. The hybrid
precoder at transceiver i is defined as Fi = FRF,i FBB,i
with FRF,i ∈ TNTx,i ×NRF-Tx,i and FBB,i ∈ CNRF-Tx,i ×NS,i ,
while the hybrid combiner at transceiver j can be written
as Wj = WRF,j WBB,j , with WRF,j ∈ TNRx,j ×NRF-Rx,j and
WBB,j ∈ CNRF-Rx,j ×NS,i .
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Fig. 1: Block diagram of the full duplex millimeter wave system based on a hybrid architecture.

We model the narrowband mmWave channel between the
transmitter at node i and the receiver at node j as [3]
s
Nray
Ncl X
NTx,i NRx,j X
Hij =
βc`,ij aRx,j (θc`,i )aH
Tx,i (φc`,i ),
Ncl Nray c=1
`=1
(1)
where βc,` is the complex gain for the ` − th path in the
c − th cluster, aTx,i (φc`,i ) and aRx,j (θc`,i ) are the antenna
array steering vectors at the transmitter and receiver evaluated
at the azimuth angles of departure or arrival.
Assuming that the TX and RX arrays at each transceiver
are close enough, the self-interference channels can be modeled with a line-of-sight nearfield model [4], [6]–[8]
[Hii ]pq =
(i)

1
(i)
dpq

e

(i)
d
−j2π pq
λ

,

(2)

being dpq the distance between the p-th TX array and q-th
RX array antennas both at transceiver i.
We define the average transmit power per symbol for the
transmission between node i and node j as ρij , the symbol
transmitted by node i xi with zero mean and unit variance,
and the noise nj at the receiver of node j is modeled as a
zero-mean white Gaussian process with covariance σj2 INRx,j .
The general expression of the received signal at transceiver
j for any precoder Fi and combiner Wj is
√
√
H
ρjj WH
yj = ρij WH
j Hij Fi xi +
j Hjj Fj xj + Wj nj , (3)

where we can identify the desired component, the selfinterference signal and the noise term.
III. H YBRID PRECODER AND COMBINER DESIGN FOR
FULL DUPLEX SYSTEMS

In this section, our goal is to design hybrid precoders and
combiners such that the spectral efficiency of the FD system
is maximized, while the SI is canceled. First, we formulate
the problem to be solved, and then, given its difficulty, we
describe two strategies that provide a suboptimal solution. In
Section IV, we evaluate the performance of our methods.
A. Problem formulation
To prevent ADCs saturation in the receive RF chains, the
SI has to be canceled prior to the digital combiner, that is
WH
RF,j Hjj Fj = 0.

(4)

Under canceled interference, expression in (3) becomes
√
H
yj = ρij WH
(5)
j Hij Fi xi + σj Wj nj ,
and the spectral efficiency for the link between transceivers
i and j can be computed as


Rij = log2 |I + Gij GH
ij | ,
√
H
1/2
Gij = ρij Q−1
Qj = (σj2 WH
.
j Wj )
j Wj Hij Fi ,
(6)

If the interference is not canceled but can be assumed to be
uncorrelated with the desired signal and unknown, we have
to consider a different definition for Qj :
H
H H
1/2
Qj = (σj2 WH
.
j Wj + ρjj Wj Hjj Fj Fj Hjj Wj )

(7)
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The sum spectral efficiency of the FD system can be written
in this case as




H
R = log2 |I + G12 GH
(8)
12 | + log2 |I + G21 G21 | .
Assuming that the channels are known, the design problem
for the full duplex setting can be stated as the maximization
of R with respect to the precoder and combiner components,
subject to the following constraints:
1) Zero forcing constraint at both transceivers to cancel SI.
2) Unit-norm hybrid precoders due to power limitation.
3) Unit-norm combing matrices, since R is invariant to
scalings of the combiner.
4) Constant amplitude constraint due to the phase shifterbased implementation on the analog network.
This problem can be written in a mathematical way as


|
P1 :
max
log2 |I + G12 GH
12
{FRF,1 },{FRF,2 },{FBB,1 },{FBB,2 }
{WRF,1 },{WRF,2 },{WBB,1 },{WBB,2 }

s. t.



|
+ log2 |I + G21 GH
21

(9)

WH
RF,2 H22 F2 = 0,

(10)

WH
RF,1 H11 F1 = 0,

kF1 kF = kF2 kF = kW1 kF = kW2 kF = 1, (11)
FRF,1 , FRF,2 , WRF,1 , WRF,2 ∈ Ta×b .

(12)

where a × b is the matrix dimension corresponding to the
number of antennas times the number of RF-chains. Defining
Lij = min(NRF-Tx,i , NRF-Rx,j ), we can compute an upper
bound RUB to R in (8) by neglecting the self-interference
and the CA constraints:
RUB =

L12
X

(l) (l)

log2 (1 + λ12 p12 ) +

l=1

L21
X

(l) (l)

log2 (1 + λ21 p21 ), (13)

l=1

(l)

with√ {λij }l≤Lij being the squared strongest singular values
ρ
(l)
of σjij Hij and {pij }l≤Lij their corresponding power allocation values by water filling. This expression can not be
achieved, but it will be used as a benchmark for analysis.
B. Proposed strategy
The optimal design as formulated in P 1 is a difficult
problem, since it requires the optimization of eight matrices
under non-convex constraints. The design of hybrid precoders
and combiners has not even been solved yet for a half duplex
setting, where condition (4) can be ignored and the design
of both links is decoupled. In this section, we propose a
suboptimal approach that handles the coupling between both
directions of communication in a smart way, incorporating
the zero SI constraint.
Our proposed strategy relies on finding first the most critical of the eight elements of the design, which are the analog
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Fig. 2: Block diagram of the algorithm for the design of
the eight precoders and combiners for duplex communication. Green and orange circles represent input parameters
and variables to be designed, respectively. Notice that the
algorithm requires both pairs (i, j) = (1, 2), (2, 1) to enter
the algorithm.

counterparts, since they are constrained to have module one
entries. Then, we find the optimal digital filters that maximize
the sum spectral efficiency and cancel the interference for the
previously obtained analog stage.
For the design of the analog stage itself, we follow the
same philosophy, and start by designing first the most critical
elements. In this case, these are the analog combiners, since
unlike the analog precoders, they cannot make use of their
digital counterparts to cancel the interference.
In summary, the final procedure will consist of the following stages: 1) design of the analog combiners for both links;
2) joint design of the analog precoders; and 3) design of their
digital counterparts. The flow of the algorithm is depicted in
Fig. 2. Notice that both pairs of indices are computed in
parallel, so when computing FRF,i , WRF,i is available.
C. Analog combiners design
To design the analog combiner, we assume that the hybrid
precoder will cancel the SI. Then, we rely on two well known
approaches [9], [10] as a basis for this design as described
below.
1) SVD-based approach (SVD): We consider the optimal
design of a fully digital combiner based on the left singular
vectors of the singular value decomposition (SVD) of the
channel [9]. We also take into account that any fully digital
combining matrix for NS receive streams can be optimally
synthesized with a hybrid structure when NRF-Rx ≥ 2NS [11].
With these two considerations, it is clear that we
can optimally solve the digital problem for NS =
NRF-Rx /2 and obtain Wj . This solution is given by
[WRF,j ]a,b

=

e

|[Wj ]a,b |
)i
ā |[Wj ]ā,b |

− arccos( max

|[Wj ]a,b |
)i
ā |[Wj ]ā,b |

arccos( max

, [WRF,j ]a,b+NS

=

e
The steps of the analog combiner design for the SVD-based method are described in Algorithm 1.

Algorithm 1 WRF,j design based on the SVD
1:
2:
3:

E. Digital combiners and precoders design

INPUT: Hij , NRF Rx,j
Compute U as the left handed singular vectors of Hij .
Compute WRF,j as the optimal approach to
[U]:,1:NRF Rx,j /2 described in [11]

2) Path beamforming (PB): This approach consists on
physically directing the power radiated in the channel paths
direction as described in [10].
First we need to decompose the communication channel
into NS = NRF-Rx,j paths, that is
r
NS
NTx,i NRx,j X
βl,ij aRx,j (θl,j )aH
Hij '
Tx,i (φl,i ).
NS
l

We apply the sparse approximation algorithm in [12] to obtain this channel decomposition. With this strategy, the analog
combiner is WRF,j = ARx = [aRx (θl,1 ), . . . , aRx (θl,NRF-Rx,j )].
The PB method is depicted in algorithm 2.

In this section, we derive the expression of the optimal
digital precoders and combiners, that is, that maximize the
sum spectral efficiency in (6) and cancel the interference, for
a given choice of their analog counterparts.
The digital precoder can be written as FBB,i = Xi F̂BB,i ,
H
H
for Xi a base of the kernel of FH
RF,i Hii WRF,i WRF,i Hii FRF,i ,
and F̂BB,i the new variable to be optimized. Taking this into
account, Gij in (6) can be written as
H
H
Gij = Q−1
j WBB,j WRF,j Hij FRF,i Xi F̃BB,i .

Now, we can decompose the terms and rearrange them to define new variables that help us solve the problem of designing
the digital precoders and combiners. For this purpose, let us
consider the following singular value decompositions
WRF,j = UW,j SW,j VH
W,j ,

FRF,i X = UF,i SF,i VH
F,i ,

such that we can define Ĥij = UH
W,j HUF,i , Ŵj =
H
W
,
and
F̂
=
S
V
F̃
. With these new
SW,j VH
BB,j
i
F,i
BB,i
F,i
W,j
variables, the problem is redefined as

Algorithm 2 WRF,j design by path skeleton
1:
2:
3:

H

Gij = Q−1
j Ŵj Ĥij F̂i ,

INPUT: Hij , NRF Rx,j
Compute ARx using channel decomposition in [12]
WRF,j ← ARx

H

The design of the analog precoders must take into account
the SI cancellation constraint in (4). With a fixed analog
combiner WRF,i , this expression means that every column
H
of the precoder Fi is in the kernel of HH
ii WRF,i WRF,i Hii .
Thus, it can be expressed as Yi F̂i for Yi a base of the
kernel. Considering F̂i as a new variable, the problem boils
down to finding the optimal precoder for the scenario without
interference defined by
√

ρ

max log2 (I + Gij GH
ij )
1

(16)

in which, due to orthonormality of the matrices UW,j and
UF,i , the following constrains are equivalent to the original
ones

D. Analog precoders design

P2 :

(15)

(14)

−2
with Gij = σjij (WH
WH
RF,j WRF,j )
RF,j Hij Yi F̂i .
The solution to P 2 is F̂i comprising of the NS strongest
− 12
right singular vectors of (WH
WH
RF,j WRF,j )
RF,j Hij Yi , with
additional power allocation as described in [13]. Accordingly,
the precoder can be retrieved as Fi = Yi F̂i . Notice that so far,
the constraint of Fi being a feasible hybrid precoder has not
been considered. This is owing to the fact that such constraint
becomes very complex when applied to F̂i . To circumvent
this issue, we will optimally approach digitally generated
beam-patterns by setting NS = NRF-Tx,i /2 and finding the
optimal analog precoder FRF,i that approximates the all
digital one This provides us with an analog precoder that
ensures the existence of a good solution to the final problem.
Notice, however, that although this algorithm provides a
feasible digital precoder, we will only consider the solution
to compute FRF,1 and FRF,2 .

H

H
H
2
WH
j Wj = Ŵj UW,j UW,j Ŵj = Ŵj Ŵj = QQ /σj ,
kWj k = kUW,j Ŵj k = kŴj k = 1,
kFi k = kUF,i F̂i k = kF̂i k = 1.
(17)
This is equivalent to the rate maximization problem without the interference cancellation, so we can solve it as
Ŵj = [Uij ]:,1:N , F̂i = [Vij ]:,1:N D, for the singular value
decomposition Ĥij = Uij Sij VH
ij and D the diagonal matrix
containing the power allocation coefficients, obtained by the
standard water-filling algorithm to the diagonal of matrix
ρij 2
[Sij ]1:N,1:N . Taking into account the considered definiσj2
tions and transformations, the final solution is retrieved as

WBB,j =
FBB,i =

VW,j S−1
W,j [Uij ]:,1:N
Xi VF,i S−1
F,i [Vij ]:,1:N D

(18)

With this, we have the last piece of our puzzle to solve the
full-duplex communication problem, and thus the solution to
the problem is complete.
IV. R ESULTS
In this section, we present numerical results on the performance of our proposed hybrid precoding and combining
algorithms for full duplex millimeter wave systems. The
considered performance metrics are the sum spectral efficiency defined in (8), and the expectation of the maximum
interference, defined as
mI = mI1 + mI2 ,

(19)

with mIj the maximum interference-to-noise-ratio experienced at the output of an RF chain (prior to the ADC)
ρjj
2
(20)
mIj = max 2 k[WRF,j ]H
:,k Hjj Fj k .
k
σj
A FD design algorithm leading to a high value for this metric
could not be used in practise, since the signal we want to
decode would be destroyed. As a reference for the obtained
sum spectral efficiency, we compare against its loose bound
RUB defined in (13). In addition to these performance metrics
we also measure the computation time of each method.
In our simulation setup, we consider that both transmitter
and receiver per device use NTx,` = NRx,` = 64 antennas,
` = 1, 2. To simplify the analysis on the number of RF chains
used for transmission and reception, we assume that both
devices have the same RF-chain structure, this is NRF, Rx, 1 =
NRF, Rx, 2 = NRF, Rx and NRF, Tx, 1 = NRF, Tx, 2 = NRF, Tx .
The performance evaluation of our methods is accomplished
through Monte-Carlo simulation, averaging the results for
1024 different channel realizations.
To generate the MIMO communication channels Hij , we
use QuaDRiGa channel simulator [14] for the 3GPP TR
38.901 UMa scenario, considering a Rician factor of −10
dB corresponding to a NLOS setting, a sampling time of
0.509 ns as in the 5G New Radio (5G-NR) wireless standard
[15], and a single OFDM sub-carrier, as we are considering
a narrow-band model. The SI channels are generated from
the LoS near field channel model with ρjj /σj2 = 30dB.
We evaluate first the effectiveness of our two approaches
(HFD-SVD, and HFD-PB) to cancel SI, and compare to the
results provided by the method described in [5], that we
denote as HFD. Fig. 3 invalidates the design described in [5]
as expected, since it has been derived under the erroneous
assumption that the digital combiner can be used to cancel
the SI. The received interference for HFD-SVD and HFDPB is zero. The curve for HFD shows that the received
interference strength in the analog domain is three orders
of magnitude larger than the noise power. Consequently,
the useful signal experiences really high interference, what
makes it impossible to retrieve it in the digital domain. Even
after showing that this method does not properly cancel the
interference, we will still use it in the rest of this section as
a benchmark for our methods.
In the next figures we analyze the sum spectral efficiency
of the different methods when operating with different numbers of RF chains for transmission and reception, ranging
from 1 to 18, and different SNR values ρσ122 = ρσ212 , ranging
2
1
from −30 dB to 10 dB. We also compare the performance of
UB
our methods to R , the upper-bound in (13) obtained when
there is no SI. The purpose of this simulation is three-fold: i)
it allows deciding which is the most suitable hybrid precoding
and combining strategy under different SNRs, ii) learning
how to distribute RF-chains for transmission/reception, and
iii) understand how the number of RF-chains affects the
communication performance.
Fig. 4 shows the Spectral Efficiency evolution as we
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increase the number of RF-chains for reception with an SNR
of −10 dB and a large number of RF-chains for transmission
(12), such that the flexibility in the transmitter is high enough.
Consequently, only the effects of the parameters in the
receiver are analyzed. Besides completely canceling the SI,
as shown before, our methods also significantly outperform
HFD in [5] in terms of sum spectral efficiency. The main
effect we observe in this figure is that the sum spectral
efficiency is not monotonically increasing with the number of
RF chains, contrary to the scenario without SI. Another effect
is the parity behavior (zig-zag) in the HBF-SVD method, due
to the fact that this strategy only uses an even number of RF
chains, discarding the ones not being used.
One of our goals is to understand how to make use of the
available RF-chains, that is, is deciding how many RF-chains
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to use for transmission and reception. We study in Fig. 5 how
the optimal RF-chain allocation (NRF-Tx /(NRF-Tx + NRF-Rx ))
in terms of maximizing R, evolves with the SNR when the
number of total RF chains in the link is fixed. As the SNR
increases, a larger number of multipath components in the
channel is used, thereby resulting in higher sum spectral
efficiency for a greater number of RF-chains for reception.
This behavior stops at a ratio of one third for the HFD-PB
method, due to the fact that each transceiver uses one RFchain for reception and two for transmission per path. For the
HFD-SVD method, this behavior stops for a ratio slightly
smaller than 1/2, since this algorithm attempts to use two
RF-chains, both for reception and transmission, per singular
value of the channel matrix decomposition.
After studying the RF-chain allocation problem, we pick
the RF-chain configuration maximizing the average sum
spectral efficiency R for every SNR value and see how R
varies in Fig. 6. At high SNR, a larger number of multipath
components become relevant for communication, while at
low SNR the power allocation per path is focused on the
strongest ones. For this reason, the HFD-PB method outperforms its HFD-SVD counterpart at high SNR regime, while
the HFD-SVD method outperforms its HFD-PB counterpart
at low SNR regime.
As for the computational time, the average time it takes
to complete each algorithm is depicted in figure 7. Since
the maximum number of NRF-Rx used by any algorithm is
lower than 9 for the selected number of RF-chains, NRF-Tx +
NRF-Rx = 18, both HFD-SVD and HFD-PB outperform
HFD.

In this paper we proposed the first design for hybrid precoders and combiners to operate in a full duplex millimeter
wave system that effectively cancels the SI while providing
near optimal sum spectral efficiency values. We also showed
that our designs significantly outperforms the only previously
proposed design for this problem, which clearly fails to
cancel the SI present at the ADC input signals.
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