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Abstract—We investigate the design of hybrid precoders and
combiners for a millimeter wave (mmWave) point-to-point bidi-
rectional link in which both nodes transmit and receive si-
multaneously and on the same carrier frequency. In such full-
duplex configuration, mitigation of self-interference (SI) becomes
critical. Large antenna arrays provide an opportunity for spatial
SI suppression in mmWave. We assume a phase-shifter based,
fully connected architecture for the analog part of the precoder
and combiner. The proposed design, which aims at cancelling SI
in the analog domain to avoid frontend saturation, significantly
improves on the performance of previous approaches.

Index Terms—Millimeter wave communication, full-duplex,
hybrid precoding and combining.

I. INTRODUCTION

Millimeter wave (mmWave) multiple-input multiple-output
(MIMO) communication is envisioned as a key technology for
future high data rate systems [1], [2]. The large propagation
losses experienced at such frequencies need to be compensated
by directional transmission using large antenna arrays. The
traditional approach at lower frequencies, in which precoding
and combining are implemented in the digital domain at
baseband, is not suitable for large arrays since it requires a
dedicated radio frequency (RF) chain per antenna, resulting in
high cost and power consumption. Instead, hybrid solutions are
preferred, in which the processing is split between the digital
baseband and analog RF domains, so that the number of RF
chains can be significantly reduced [3], [4].

Recently, there has been interest in the application of
full-duplex (FD) to mmWave communication. In contrast
with traditional half-duplex (HD) approaches, in which time-
bandwidth resources are split to ensure transmit-receive (TX-
RX) orthogonality, with FD these take place simultaneously
and in the same frequency [5]-[7]. Besides the potential to
double spectral efficiency, FD may add flexibility to point-to-
point handshaking and multiple access methods [8]. However,
it also results in self-interference (SI), since an FD node’s
transmission will leak to its own receiver and will overwhelm
the much weaker signal of interest from a remote node.
Promising results in SI mitigation have been reported for a
single-antenna FD node operating in the sub-6 GHz bands
[9], [10], by properly combining propagation domain, analog-
circuit domain and digital domain methods. The first are
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passive and hinge on antenna design/placement; the second
are needed to avoid saturation of the receiver RF chain and
A/D converter, whereas the third estimate and substract the
residual SI signal in the baseband. Unfortunately, analog-
circuit domain methods do not scale well with the number
of antennas, so their extension to MIMO FD is difficult
[7]; on the other hand, the availability of multiple antennas
can be exploited in MIMO FD to mitigate SI [11]-[13].
In microwave-band systems, the downside of such spatial
suppression approach is a spectral efficiency loss, because
some of the available spatial degrees of freedom (DoF) are
spent in mitigating SI. In contrast, the large arrays used in
mmWave result in a much larger available DoF, so that spatial
suppression becomes particularly attractive.

In this context, a design was proposed in [14] for the digital
beamforming weights of an FD mmWave single-stream bi-
directional link. Although it provided close to optimal perfor-
mance, its applicability was limited by the need to incorporate
one RF chain per antenna [6]. This issue was overcome in [15],
where a suitable modification of the design from [14] was
introduced to allow for analog beamforming weights imple-
mented via phase shifters. The resulting analog beamforming
design effectively cancels SI with a modest spectral efficiency
loss with respect to the all-digital design from [14]. We present
an extension of the single-stream analog design from [15] to
the multistream case, using hybrid precoders and combiners.
The multistream scenario has also been recently addressed in
[16], which proposed a two-step scheme in which a set of
all-digital precoders and combiners is designed first, and then
a hybrid decomposition is obtained using least-squares (LS)
approximation to the all-digital solution. This approach has
two significant drawbacks: first, the method from [16] attempts
to suppress SI at the baseband, whereas in practice it must be
placed in the analog domain to avoid saturation of the analog
frontend; second, such hybrid LS approximations need not
cancel SI accurately [6], so that their performance degrades
with high SI levels. These two issues are explicitly taken into
account in our proposed design.

II. SIGNAL MODEL

Consider a network consisting of 2 FD nodes, as shown
in Fig. 1. Node ¢ € {1,2} is equipped with N;; transmit
antennas, and supports the transmission of N, ; data streams
towards node j € {1,2}, j # ¢, which is equipped with N, ;
receive antennas. The data vectors s; € CN=i are assumed
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Fig. 1. Two-node MIMO FD network with hybrid precoding and combining.

zero-mean with covariance I ., @ € {1,2}. Channels are
assumed approximately frequency-flat. The N, ; x V; ; channel
matrix from the TX array of node ¢ to the RX array of node
j is denoted as Hj;. In particular, H; corresponds to the SI
channel affecting node j. Our design is model-independent,
so a discussion on specific channel models is deferred to the
description of simulation results in Sec. V.

The number of RF chains at the TX and RX frontends of
node ¢ are L, ; and L, ; respectively. For an all-digital system,
Li; =Ny, and L,; = N,;, i € {1,2}, so that a dedicated
RF chain per antenna is available. However, to reduce cost
and power consumption, hybrid architectures with a smaller
number of RF chains are preferred. Thus, in general N, ; <
Ltﬂ; < Nt,i and Ns,i < Lr,j < Nﬁj’ i, ] € {1,2}, 1 # 7.

The transmitter of node ¢ applies a precoder F; =
FRrp Fgp,; to the transmitted data vector s;, where Fpp; €
CLtixNsi s the baseband digital precoder, and Frp; €
YNtixLei jg the RF analog precoder. Here, VN XL ¢ CNxL
denotes the feasible set for the RF matrices as dictated by
hardware (HW) constraints; in this paper we assume that
VAL is the set of N x L matrices such that their entries
have all the same magnitude, as corresponds to a phase-
shifter based implementation. Similarly, the receiver of node
J applies a combiner W; = Wgr ;Wpp; to the received
vector, where Wpp ; € CLri*Nsi s the baseband combiner,
and Wgp ; € VNV *Lrj js the RF combiner. In this way, the
vector at the output of node j’s combiner is given by

Y; = VoW HijFisi + ;W] H;; Fjz; + W/Tn;, (1)

SI + noise

where p; is the transmit power of node 7, n); is the SI power at
node j, n; is zero-mean white Gaussian noise with covariance
O'JZI N, and z; represents the SI at node j, which is to be
understood as residual SI if any propagation and/or analog-
circuit domain SI mitigation is applied. In general, z; will be
a distorted version of the signal transmitted by node j, and is
modeled as a zero-mean vector with covariance Iy, ;. Hence,
the SI + noise covariance matrix at node j is given by

R, =nW/H,;F;F'HIW, + oW/W,;. ()
The effective channel from node ¢ to node j is given by ﬁilj =

WjH H;; F;, so that, treating SI as noise, the spectral efficiency
of the + — 7 link is given by

Using the SVD of W, it is seen that R;; depends on W} only
through its left singular vectors, so that W; can be assumed
semi-unitary (WjH W; = In,,) wlo.g. Then R;; can be
written as in (4) at the top of next page, where ¢;; = 2
J
are respectively the SNR and INR at the
receiver of node j. Similarly, R;; is independent of the right
singular vectors of Fj; in the sequel, we assume uniform power
allocation across streams, so that Fj is semi-unitary as well.
The goal is to maximize the overall spectral efficiency, given
by R = Ri2 + Ro1. For benchmarking purposes, it is useful
to have a performance upper bound, which can be obtained
by assuming no SI (17 = €32 = 0) and no HW constraints
(so that { F;, W;}7_, are only constrained to be semi-unitary).
Then the optimum precoders and combiners are respectively
given by the dominant right and left singular vectors of the
channel matrices, yielding R < R* where

A Ny
and €;; = p:

N1 Ns.»
R* £ "logy(1+ €207 (Hiz)) + Y _ logy(1+€2107(Har)),
k=1 =1

)
with {0 (H)} the singular values of H, in descending order.

III. ALL-DIGITAL DESIGN

In this section we focus on an all-digital design for the
precoders and combiners, which will serve as starting point
for the hybrid design in Sec. IV as well as a reference
for its performance. Note that even in this case, i.e., with
no constraints on {F;, W;}?_, beyond being semi-unitary,
maximizing R is a non-convex problem for which no closed-
form solution is known. Following similar steps to those
in [14] for the single-stream case, we adopt a suboptimal
approach in which a zero-forcing (ZF) constraint is imposed
on the SI at both nodes, resulting in the following problem:

max 10g2 ‘IN&1 + 612F1HH5W2W2HH12F1‘

{FhWi}?:l

+1logy |In, , + €21 Fy Hyy Wi W Hy, Fy| (6)

WHW, = Iy

S.t. EHFZ = INS,'L
WHHF, = 0

5,1

i,j €{L,2}, i #j.

Problem (6) is difficult due to the coupling between variables
introduced by the ZF constraints WZ—H H,, F; = 0. However, if
F; is held fixed, then it is possible to maximize the objective
wrt. Wy, j # 1, in closed form, and vice versa. This suggests
the following cyclic maximization procedure to tackle (6):

o Given F, F, for j € {1,2} and i # j solve
max logy [In,, +e; W/ H,; FF'HIW,| (1)
st. WH/W; =Iy , and W/Hj;F; =0.

o Given W7, Wy, for i € {1,2} and j # i solve
max log, \In,, +e; FPHIW,WIH,;F|  (8)

st. FAF, =1Iy,, and FPHIW, =0.



Rij =logy |In, , + e; FHIW;(Iy, , + ¢;; W/ H,; F;F'HIW;)"'W/ H,; F, 4)

These steps are then iterated until convergence. For initializa-
tion, Fi, F5 can be set to the dominant right singular vectors
of Hy5 and Ho, respectively. Note that the problems in (7)
and (8) share the following generic structure:

XX = Iy,
XHc = o, ®)

with X € CM*Y the optimization variable, and A € CM*¥,
C ¢ CM*P given matrices. Assuming that M > N + P
(meaning that the corresponding number of antennas M is
sufficiently large to sustain the transmission of [V streams after
spending P degrees of freedom to meet the ZF constraint),
the solution to (9) is given by the N dominant left singular
vectors of P; A, where P, is the projection matrix onto the
subspace orthogonal to the columns of C' (see Appendix A for
the proof). Thus, steps (7)-(8) can be solved in closed form.

maxlogy [In +eX"TAATX] st {

IV. HYBRID DESIGN

The precoding and combining matrices must be decomposed
now into their baseband and RF factors, with the latter
restricted to the set of feasible values as per HW constraints.
We adopt a cyclic maximization procedure analogous to that
from Sec. III, after incorporating these additional constraints:

e Given F, F, for j € {1,2} and i # j solve

max log, |IN“ + EZJWHH”FFHH w; |
WgB,j,WRF,;
st. W =Wrp;Wes,;, Wrr; € VXt
wWiw; =1y, ., Wik ;H;jFrp; =0. (10)

o Given W1, Wy, for i € {1,2} and j # i solve

max IOgQ‘IN“-Fé”FHHHWW Hz]Fi|
FgB,i, FrF,i
st. F; = FrriFppi, Freg € V0o
F'F; =In,,, Fip HWgp; =0. (11

Note that in (10)-(11) the ZF constraints only involve the RF
precoders and combiners, and not the baseband ones. The
reason for this is twofold: first, it guarantees that the SI is
cancelled before downconversion, sampling, and quantization
take place in the receivers, so that saturation of the correspond-
ing RF chains due to large SI levels is avoided. Second, it adds
robustness to any transmitter noise that may be generated in
the upconversion/amplification steps and therefore not present
in the baseband, since the SI generated by such transmitter
noise would not be affected by the baseband precoder.

It is seen that problems (10)-(11) share a common structure:

max log,y |IN + e XEXTAA XRFXBB|
X, XRF

X X XrrXps = Iy,
s.t.¢ XH.C =0,
XRF € VMXL7

12)

where Xrp € CM*L Xpp € CLXVN are the optimization
variables, and A € CM*N_ C € CM*P are given matrices.

The optimal baseband factor Xgp can be found in terms of
the RF factor XRry as follows. First, consider the SVD Xgpr =
Urr Srr Vith. Then Xpp = VirpSpp Q.. where the columns
of Q, € CM*N comprise the N dominant left singular vectors
of UI{IFA (see Appendix B for the proof).

On the other hand, no analytical solution exists for the
RF factor Xgyr. Inaccuracies in SI cancellation have a large
impact on the spectral efficiency, and thus we propose to find
a feasible RF factor which simultaneously satisfies the ZF
condition X{-C = 0 and the HW-related constraints Xrp €
VM>L by applying the method of alternating projections [17],
which has been shown in [15] to provide good results in the
single-stream case. Specifically, at iteration k, the previous
estimate Xf({kl;l) is projected onto the subspace orthogonal
to the columns of C, and then the result is projected onto
VML to obtain XI(Q This is repeated multiple times until
convergence is achieved.

To increase the likelihood that the RF factor obtained in
this way yields a large value of the objective in (12), proper
initialization of the alternate projections method is crucial.
We propose to set Xlgg to the maximizer of the objective in
(12) neglecting the ZF and HW-related constraints, after the
baseband factor Xgp has been optimized. Then, X ) Rp 1S given
by the L dominant left singular vectors of A (see Appendix
B). The overall hybrid design is summarized in Algorithm 1.

V. RESULTS

Consider a setting with both nodes equipped with 32-
antenna, %-spaced uniform linear arrays (ULAs), with 4 TX
and 4 RX RF chains, and with 4 streams to be transmitted in
each direction. For the 1 — 2 and 2 — 1 channels, the Saleh-
Valenzuela narrowband clustered model from [3] is assumed,
with IV scattering clusters and N,,, rays per cluster:

Nray

”_ZZamn a, ZLn)az‘ (GZL,TL)

n=1m=1

13)

where for the m-th ray in the n-th cluster, a; and a, are the
antenna array steering vectors at the transmitter and receiver,
respectively, evaluated at the corresponding azimuth angles of
departure from transmitter, 6;"", or arrival at receiver, ¢;;"";
and a" is the complex gam The SI channels have a near-
field hne of-sight (LOS) component, as well as a far-field
component due to SI reflections in nearby scatterers:

k (4)
Hii =/ 7 Hios +

— 1H§;2EF (14)



Algorithm 1 Hybrid Full-Duplex precoder-combiner design
1: function ALTPROI(A, C, L)

2: XRgr ¢ L dominant left singular vectors of A
3: P, 1I- cct

4 for k£ < 1, Nipper do

5 Y PLXRF

6: for i < 1,M and j <« 1,L do

7 (XRF)ij < %

8 end for

9 end for

10: return Xgp

11: end function

12: function BASEBANDFACTOR(XRF, A4, N)
13: Compute SVD Xgp = URFSRFVRFII;\

14: Q + N dominant left singular vectors of U{L, A
15: XBB VRFSQ]_}‘Q
16: return Xgp

17: end function

18: Input: Hi>, Hy;, H{{, Hos

19: Initialize FBB,i, FRF,i ; set F; = FRF,iFBB7i» 1€ {1, 2}
20: for t + 1, Noyger do

21: WRF,l — ALTPROJ(HQlFQ, HllFRF,la Lr,l)

22 Wgp,1 < BASEBANDFACTOR(Wrgy 1, Ha1 Fo, N 2)
23: WRFTQ — ALTPROJ(H12F1, HQQFR'F’Q, LT72)

24: Wpgg,2 < BASEBANDFACTOR(Wgp 2, H12F1, Ny 1)
25: Set Wj = WRF,jWBB,j7 j € {1,2}

26: FRF,l < ALTPROJ(H{%WQ, H{—{WRFJ, Lt71)

27: Fgp1 < BASEBANDFACTOR(Fgry 1, HIWa, N 1)
28: FRRQ < ALTPROJ(HﬁWl, HgWRF’Q, Ltyg)

29: Fyp 2 < BASEBANDFACTOR(Fry 2, HII W1, Ny o)
30: Set F; = FRF,iFBB7i’ 1€ {1,2}

31: end for

with k the Rice factor. For the far-field term Hrgp, the same
model as in (13) is adopted, whereas the LOS component
follows the near-field model [6], [14], [16]

(i)
(i) 1 . T'mn
<HLOS>mn = NG exp (—j271’ 3 )

where r%)n is the distance from the m-th TX antenna to the
n-th RX antenna of the i-th node, and A is the wavelength.
For both nodes, the array geometry of [6, Fig. 2] is adopted,
with a TX-RX array distance of d = 2\ and angle w = 7.
We assumed N, = 6, Ny, = 10 and « = 10 dB.
Departure/arrival angles are random, with mean cluster an-
gle uniformly distributed in [0,360°] and angular spreads of
16°. Path gains are i.i.d. complex circular Gaussian with the
same variance. Channel matrices are normalized so that their
squared Frobenius norms equal the number of their entries.
The spectral efficiency was computed by averaging over
300 channel realizations at each point. We compare the pro-

posed two-step hybrid FD design (with randomly initialized

15)
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Fig. 2. Spectral efficiency vs. SNR .

precoders) with that from [16] under the same setting. For
reference, a hybrid Half-Duplex design was included as well,
for which the hybrid precoders and combiners are obtained
by iteratively minimizing their Euclidean distance to the cor-
responding channel singular vectors while keeping the semi-
unitary and HW-related constraints.

Fig. 2 shows the spectral efficiency R as a function of the
SNR €12 = €57 assumed to be the same at both nodes, and for a
given value of the INR €11 = €99, also identical at both nodes.
The performance of the proposed design under INR = 60 dB
is seen to be sensitive to the number of “inner” alternating
projection iterations (parameter Niyney in Algorithm 1; the
number of “outer” iterations was set to Noyter = 20 in all
cases). With too few iterations, the final RF precoder/combiner
is not yet in the null space of the corresponding matrix, so that
the ZF constraint is only approximately satisfied. In the current
scenario, 60 inner iterations are sufficient and performance
does not improve beyond this point, getting close to the upper
bound R, from (5). In contrast, the performance of the two-
step approach from [16], even under a much lower INR value
(20 dB), is seen to be significantly worse, dropping below the
performance of the HD hybrid scheme. This is due to the fact
that the hybrid design from [16] obtains the baseband and
RF matrices by LS approximation to the corresponding all-
digital matrix; the approximation errors that ensue translate
into imperfect SI cancellation by the hybrid network, with
a large impact in spectral efficiency. Additionally, note that
in contrast with our method, the design from [16] does not
attempt to cancel the SI in the analog domain; thus, it is likely
to result in frontend saturation in a practical setting.

Fig. 3 shows the behavior of the spectral efficiency in terms
of INR, for a fixed value of SNR = 0 dB. The FD all-digital
design of Sec. III remains very close to the upper bound (5)
and is insensitive to the INR level. With a sufficient number of
inner iterations, the proposed hybrid FD design achieves more
than 90% of the spectral efficiency of the all-digital design
for a wide range of INR values. In contrast, the method from
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[16] is seen to degrade quickly as the INR increases, for the
reasons mentioned above.

VI. CONCLUSION

An iterative joint design for the precoders and combiners
of a hybrid FD architecture in a multistream bi-directional
mmWave two-node network was proposed, with the SI can-
celled in the analog domain. The key feature of the design is
the specification of a zero-forcing constraint at every iteration
of the alternating-projections procedure lying at the core of the
method. This avoids inaccuracies in previous schemes which
obtain the hybrid factorizations by directly approximating the
all-digital matrices. Numerical results attest to the effectivity
of the proposed design even with high SI levels.

APPENDIX

A. Solution to Problem (9)

Assume C has full column rank P (if not, it can be replaced
in the constraint by another matrix C’ € CM*P" with the same
range space as C and of full rank P’ < P). Let the columns
of Uy € CM*(M=P) constitute an orthonormal basis for the
subspace orthogonal to C. Then P, = UyU{!; and X C =
0 implies that X = UyY for some Y € CM—P)xN Fyrther,
XHX =1Iyand M —P > N imply that YZY = Iy, since
Ul'Uy = I,/ p. The problem becomes

max

16
YHY =Iy (16)

log, [In + YU AATU Y |,

whose solution Y, is given by the N dominant left singular
vectors of U A. Thus, U’ A admits an SVD of the form
U'A = Y,SVH so that UUFA = UyY,SVH =
X, SVH constitutes an SVD of UgyU! A = P, A. Therefore,
the solution X, = U,Y, to problem (9) is given by the N
dominant left singular vectors of P, A.

B. Optimal baseband factor in (12)

For Xgr given, consider the SVD Xgr = UrpSrr Vi,
and let Q = SRFV&XBB e CL*N . Then XrrXB =
UgrrQ so that X]g—IBXﬁIFXRFXBB = QHUPI{{FURFQ =
QY Q. Then the problem can be cast in terms of Q as

logy [In + eQUELAAUrpQ| ,

max
QHQ=IN
whose solution @, is given by the N dominant left singular
vectors of UZL A. By undoing the change of variable, the
solution to the overall problem Xpp = VRFSIQPEQ* is found.
For Q = Q.. the objective in (17) becomes

logy [In + e A" UrpULLA| <log, [Iy +eA" A|, (18)

a7)

with the bound in (18) applying to any semi-unitary Ugp. This
bound holds with equality if the columns of Ugrr are taken as
the L dominant left singular vectors of A.
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