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Abstract—Despite the potential of beamforming approaches
to mitigate self-interference (SI) in multiantenna mmWave full-
duplex (FD) systems, limitations imposed by practical hybrid
beamforming architectures make the problem quite challenging.
We present a novel design for the partially-connected array
structure with finite-precision phase shifters, based on maxi-
mizing the product of the signal-to-SI-plus-noise ratios (SSINR)
at receivers. Analog precoders and combiners are designed
first under this criterion, with SSINR measured at the analog
combiners’ output. Using the effective channels for the analog
beamformers so obtained, the baseband beamformers are then
found using the same criterion, but with SSINR measured at the
digital combiners’ output. Simulations show that the proposed
scheme outperforms existing FD approaches in terms of spectral
efficiency and residual SI, even with low-resolution phase shifters.

Index Terms—Partially-connected; Full-Duplex; mmWave; Hy-
brid Beamforming; Self-Interference Cancellation.

I. INTRODUCTION

Confronting the unprecedented increase in the demand for
data and services, next generation wireless communication
systems will introduce new capabilities to boost performance
and enable or expand new use cases [1]. Millimeter-wave
(mmWave) communication, multi-input multi-output (MIMO)
and in-band full-duplex (FD) operation have emerged as
promising solutions to efficiently utilize available spectral,
hardware, and energy resources [2]. Although mmWave sig-
nal propagation suffers from severe path loss, shadowing,
and diffraction, these adverse effects can be mitigated by
employing large antenna arrays and advanced beamforming
techniques. However, conventional digital beamforming ap-
proaches are not practical as they require a dedicated radio
frequency (RF) chain per antenna. The hybrid beamforming
(HB) architecture is seen as a viable alternative with a re-
duced number of RF chains, thus offering a trade-off between
flexibility and power consumption [3]. Two HB architectures
are possible [4]: In the fully connected (FC) structure, all the
antennas can connect to each RF chain, whereas in the partially
connected (PC) structure the array is divided into subarrays,
each of which connects to its own individual transceiver.
Such array partitioning greatly reduces hardware complexity,
although at the price of less overall array flexibility.

Through simultaneous data transmission and reception in
the same frequency band, FD has the potential to double
spectral efficiency (SE) with respect to half-duplex (HD) op-
eration. Nevertheless, FD operation triggers self-interference
(SI) at the receiver of the same transceiver, and to overcome

this issue, SI cancellation (SIC) techniques become essential.
These can be categorized into three levels [5], [6]. Whereas
propagation domain SIC involves antenna subsystem design
to minimize coupling, analog domain techniques attempt to
substract an accurate copy of the SI signal from the received
signal prior to analog-to-digital conversion (ADC), after which
any residual SI should be cancelled in the digital domain.
Analog domain SIC does not scale well with the number of
antennas, and may be infeasible for large arrays; thus, it must
be complemented with new beamforming techniques account-
ing for SI [7]. Of particular interest is the design of SI-aware
beamformers for FD operation with hybrid architectures, as
in [8]-[11], which focus on the fully connected (FD-FC)
hybrid structure implemented with N L analog phase shifters,
where N is the number of antennas and L is the number
of RF chains. As mentioned above, the partially connected
structure is preferable in terms of cost and consumption, since
it only requires N phase shifters; however, given its more
limited flexibility, it is unclear whether a full-duplex partially
connected (FD-PC) hybrid architecture would still be effective
to reduce SI, particularly when implemented with practical
phase shifters enjoying limited phase resolution.

To the best of our knowledge, the only work on FD-
PC is [12], whose design involves three steps. First, the
optimal beamformers assuming all-digital arrays and no SI are
obtained in terms of the dominant singular vectors of the cor-
responding channels. Then, these beamformers are projected
onto the manifold defined by the partially connected structure
using the SDR-AIltMin algorithm from [13]. Finally, the digital
precoders are replaced by the least dominant singular vectors
of the effective SI channel. We provide an alternative FD-PC
design that explicitly takes into account the limited resolution
of phase shifters, improving on the method from [12] in terms
of spectral efficiency. In addition, whereas [12] focuses on
SI mitigation after digital combining, our approach targets SI
reduction after analog combining. This is important in order to
prevent loss of dynamic range in the ADC stage, as SI levels
can be tens of dB above those of intended signals.

II. SYSTEM MODEL

We consider a three-node mmWave system, where the
transceiver at FD node (a) (e.g., a base station) simultaneously
transmits to node (b) and receives from node (c) (e.g., user
terminals), both operating in HD mode, as shown in Fig.
1. Thus, node k is equipped with IV;; antenna elements
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Fig. 1: A mmWave MIMO network with partially-connected
hybrid beamformers and one FD node.

and L;; RF chains to transmit N, j data streams to node
u, equipped with N, , antennas and L,., RF chains, where
(k,u) € {(c,a), (a,b)}. It is assumed that the HD nodes are
sufficiently away from each other, so that transmission from
node (c) does not interfere node (b).

The hybrid precoder Fj, = FrpiFppyr € CNowxNew
consists of a baseband precoder Fppj € CNorx*Lek and
an analog RF precoder Fry j € CEex*Nek The transmitted
signal can be written as x; = Frp i FBB 1Sk, Where s; €
(CN sk is the symbol vector, with zero mean and covariance

I N, .- The transmit power is constrained by imposing
HFRF kFBB k% = Nog.

The channel matrix from node k to node w is denoted
Hj,, € CNrwxNek | assumed normalized so that ||Hy,|% =
N¢ 1N, o, For the intended links (H., and H,;), we assume a
narrowband clustered channel based on the Saleh-Valenzuela
model [13], which can be represented as

Nyq y

H = Z Z Qm, naR ¢m n)

n=1m=1

(9m,n) (1)

where o, , @™ and 0™" respectively denote the complex
gain, angle of arrival (AoA) and of departure (AoD) of the
(m,n) path, and ar (0), agr (¢) denote the transmit and
receive array steering vectors. N and N,y represent the
total number of clusters and rays per cluster, respectively. The
SI channel H,, € CNreXNea consists of a near-field line-
of-sight (LOS) component and a far-field component due to
non-line-of-sight (NLOS) reflections:

1 HNLOS

Hﬂﬂ = aa 9
k+1

2
where & is the Rice factor. HNFOS is assumed to follow (1),
whereas a near-field model [7] is adopted for the LOS compo-
nent. Its (p, ¢) element is H-95(p, q) = 7 exp (=3 23Erpq),
where «y is a normalization constant, A is the wavelength, and
Tpq 18 the distance between the n-th transmit and m-th receive
antennas of node (a).

At the receiver of the & — wu link, a hybrid combiner
W, = Wgr,.wWsB,. is employed, consisting of an analog

RF combiner Wgrp,, € CNruxLru and a digital baseband
combiner Wpp ,, € CLruxNok,

The PC structure is assumed for the analog RF precoders
and combiners. Thus, each transmit (resp. receive) RF chain
is connected to Ty, = Neg/Ley (esp. Try = Npo/Lyra)

antennas!, so that Fgrp,; and Wry ,, are block-diagonal:
Frr = blkdiag (fra, fr2s o Feios) 3
WRF,u = blkdlag (w%l, Wy 2, ", wuyL,,,‘u) s (4)

with fy ., € VT‘ P Wy, € V?'“ the vectors of complex gains

for the v-th RF chain. Analog beamforming is implemented
with B-bit resolution phase shifters, and thus VL < CT
denotes the set of unit-norm vectors whose entries have magni-
tude ﬁ and phase values in {27¢/25, ¢ =0,1,...,25 —1}.
Note that, in this way, Frr ; and Wgrr , are semi-unitary.
The post-combining vector at node (a) is presented as

= VpWHEH F.s.+ 1. WEH, F,z, + WHn, (5)

SI + noise

desired signal
with p. the power gain of the ¢ — a link, 7, the power gain
of the SI channel, n, ~ CN (0,021, ,) the white Gaussian
noise at node (a), and za the SI component, assumed zero-
mean with covariance N Iy, . Note that, in general, z,
need not be equal to s, due to delay and distortion introduced
by imperfections in the analog front-ends. Letting €., = 52
and €,, = 77“ be the SNR and INR at the receiver of node (a)
respectlvely, “and assuming Gaussianity of data and SI, the SE
of the ¢ — a link is given by

Rea = 10g2 IN&. + ]i[ca 'HCI;IIR(;lﬂ—CG ) (6)

where H., = WHH_,F, is the effective ¢ — a channel,
and R, = =~ WHH T FIHEW, + WHW,, so that
o2R, is the SI + noise covariance matrix at node (a). On the
other hand, the post-combining vector at node (b) is

Yp = v/ paWbHHabFasa + Wanb (7)
where n, ~ CN (0,021, ,). The SE of the @ — b link is
Rap = log, |In, + N“b HYR'H,, (8)

with €4, = p—z the SNR at node (b), H,, = WHH,,F,

the effective a — b channel, and R, = WbH Wy, Ideally,
we would like to maximize the achievable sum rate, which
translates into the following optimization problem:

Rea + Rab (%a)
st || Frr.a 2 = N, [|FrrcFopel = N, (9b)
Frrq = blkdiag (fa1, o faria) s Faw € V5" 90
Frr,. = blkdiag (fe,1, - fen,.) fou € VTt © (9d)
WRr,. = blkdiag (wml, - w(L?Lm) , Wa, € VBI,a %)
Wrr,» = blkdiag ('wa, vy wvar,b) . Wpy € Vgr,b of)

max
A

IFor simplicity, we assume T4,k Tr v are integers.



where A = {Fry.c, FBB,c, Fr¥,a) FBB,a» WRF,0, WBB.q)
Whrr o, Wes, }- The transmit power constraints at nodes (a)
and (c) are reflected in (9b), whereas (9¢)-(9f) capture the
hardware-related constraints imposed by the PC structure.

III. HYBRID BEAMFORMING DESIGN

Since (9) is highly nonconvex, we shall decouple the designs
of the analog and digital stages. First, let us define

Z, = Fpp o2, € Cl*e, 3, = Fpp s, € Clor (10)

for k € {a,c}. Note that under the power constraints (9b),
and since the RF precoders are semi-unitary, it follows that
| Fsp.k||% = Nk, and therefore

E{|Zl*} =1, B{lsl*} =1, k € {a,c}.

A. Analog RF Beamforming

(1)

Consider the outputs of RF combiners at nodes (a) and (b):

Yo = \/ECWEI{{F,chaFRF,cgc + Wfli—IFﬂna
+ V naWF€IF$aHaaFRF,aEa7 (12)
Yy = \/ﬁawgp,bﬂabFRF,aga + ng,bnb- (13)

Note, g, € CEre, g, € CErb depend on the as-yet-unknown
baseband precoders. To sidestep this issue we adopt the fol-
lowing assumption, consistent with (11), about the covariance
matrices of the vectors in (10):

E{zaz ~ E{gkng} ~ ﬁIme'

With this, from (12)-(13) the signal-to-SI-plus-noise ratio
(SSINR) at the output of the analog combiner at (a), as well
as the SNR at the output of the analog combiner at (b), will
not depend on baseband precoders, and respectively become

7 HWRF oHeaFrr o||%
WF{JF oHoaFrroll7 + WL 17
7 HWRF yHao FrF ol %

s IR (14)

SSINR,, =

15)

Gaa

SNR,, =

(16)
Wik oI
Note, (15)-(16) are coupled by Frr 4. Both Frr , and Wrr g
must strike a balance between SI suppression and beamform-
ing to the intended channels H,; and H_, resp. To this end, it
makes sense to maximize some (increasing) function of (15)-
(16). We propose to take the product of these two quantities
as objective, as it will be conducive to its maximization:

max SSINR..,
Fry, ¢, FRF,a;WRF,a; WRF,b

s.t. (9¢),(9d), (9

- SNR,;,

e), (9f)

To tackle (17) under the hardware-related constraints, we adopt
a cyclic approach by sequentially optimizing with respect to
each term while keeping the others fixed, and then iterate. In
this way, the following four subproblems are obtained:

o Given Wgp 4, let G = HIWgp ;Wi ,H., and solve

a7

max Tr (Fi ,GFrr.c) st (9d) (18)

FRrF,c

o Given FRrr q, let G = Hy Frr o Fip ,H_j and solve

max Tr (WRF »yGWrr, 1,) s.t. (9f) (19)
WRF,b
o Given WRF,b,WRF,a, let A = H,fII,WRF,beI{{F,bHab,
B = HY Wyp (WEL Hoo + 2221y, and solve
Tr (FHE, AF
max ( RF.a RF’a) s.t. (9¢) (20)

Foe Tr (Flk ,BFur.a)

o Given FRF P FRF e let A =
HaaFRF aFRF aHH ;: INr,a’
Tr (WRF.aAWRF,a)

max : s.t

WrF.o Ty (ng,aBWRF,a)

1) Analog beamformers at HD nodes: Problems (18)-(19)
are instances of the following generic problem:

max Tr (XHGX)
X
s.t. X = blkdiag (xq, - --

H, Frr Fl HY B =

ac’

and solve

(%) @D

(22)
(23)

where G € CM*M js Hermitian positive semidefinite, and
M, L, T respectively represent the number of antennas, RF
chains, and the number of antennas connected to each RF
chain. Let %, be the v-th column of X, and let X, €
CM*(L=1) be the matrix obtained by deleting %, from X.
Then Tr (XHGX) =z, Ga:erTr (X GX , ). Noting that
T, has only T nonzero entries, comprised in x,, let us define
G, € CT*T a5 the submatrix of G corresponding to rows and
columns (v—1)T+1 through vT'. Then T, igz, =G, x,,
and the problem boils down to

,LL), &y € Vg Yv

HA T
max x, G,z, st x, € Vg,

) 24)
which can be approximately solved by sequentially optimizing
each entry of x, assuming all others fixed, and iterating until
convergence. For details, please refer to [9, App. C].

2) Analog beamformers at FD node: Problems (20)-(21)

are instances of the following generic problem:

Tr (XHAX)
T (XEBX)
where A, B € CM*M are Hermitian positive semidefinite,
and X € CM*L_ The hardware-related constraints (23) make
(25) hard to solve exactly, so we resort again to cyclic entry-

by-entry optimization. Focusing on the v-th column of X,
while keeping the remaining ones fixed, (25) becomes

Hi ~
x, Ay, + ay

ma s.t. (23) (25)

max —— Y st x, € VE (26)
Ty zHB,x, + b, B
where @, = Tr (X AX,,), —Tr (X BXU), and A,

B, € CT*T are the corresponding submatrices of A and B.
Now, we can expand the numerator and the denominator in
(26) with respect to the n-th entry of x,, say z,,, as follows:

:B{;IZU(I}U + aq} = Gnv + 2Re {x:vanv}
:IZII;IEU%U + bv - hnv + 2Re {'/Eiwﬁ”v}



with oy, = Zm;én Tmu [Zv]nma an = Zm;ﬁn .”L'mv[

v]nms

and, noting that |z,,,| = %,
Inv = T Z rm + Z ley-rrnu lmv (27)
m#n l#n
- 1
oy = by + T v nn T Z Z:Clvxmu l’ma (28)
m#n l#n

which are independent of the phase of z,,. We invoke now
the following result, adapted from [14, Sec. V-B]:

Lemma 1. For g, h € R and «, 8 € C, let

n(f) g+2Re{ﬁe Jea}
d(0) h+2Re{ﬁe*jeﬁ}.

f0) = (29)

Assume g > \‘/TI h > \‘/@ so that n(0) > 0, d(6) > 0 for
all 0. Then, f attains its maximum at 6y,,x = Zz+ arcsin I—;"I

where z = ha — g3 and ¢ = %Im {af*}.

Thus, Lemma 1 can be used to find a candidate phase 6,,,.
Then Z,,, = —=e92n0.B) where Q (-, B) denotes the phase
quantization operation with B bits. This process is iterated over
allve{l,...,L} and n € {1,...,T} until convergence.

B. Digital Baseband Beamforming

Once the RF factors of the beamformers have been found,
the effective channels H., = Wik ,HeaFrpeo Hap =
W}g:"bHabFRF,a and ﬁaa = WF{{R(LHMFRF@ are available,
and analogously to (15)-(16) one finds that the SSINR and
SNR at the output of the baseband combiners are given by

N Wi HeoFop ol %

SSINR;, = — = 5 7 G0
N Wik o HaaFiBallf + [Weh .17
| Wik o Hao Fop.o
SNR/,, = Jee 550 d 31)

WL 1%
Thus, we seek to maximize the product of (30) and (31):

max
Fgp,c,FBB,a;WBB,a,WBB,b

s.t. FBB,c, FBB,u.WBB,a, WBB,»

SSINR’,, - SNR/,, (32)

semi-unitary.

We impose a semi-unitary constraint on combiners since the
sum rate (9a) is unaffected by this choice. The same constraint
is imposed on the precoders for simplicity (thus, the power
allocation across streams is uniform, and not optimized).
Analogously to the design of the RF factors, we approach (32)
by iteratively optimizing one of the four variables while fixing
the other three. At each iteration, on one hand 1*:’131370 is taken
as the dominant right singular vectors of ng’ oHca, Whereas
‘//}//BBJ; is taken as the dominant left singular vectors of
H ,, Fpp,,. On the other hand, for the FD node beamformers,

o Given WBB,ba WBB,aa let A = HabWBB bWé-IB,bHab»

B = HI Wyp Wi, \Hao + 22217, and solve

TI’ (FéqB’aAFBB,a)
max
Fi3p,a Tr (Fétg aBFBB,a>

s.t. Fpp, semi-unitary.  (33)

o Given Fpp ,Cs Igp Jas let A =
HaaFBB aFBB aHH

HaCFBBYCF]g3 CHH B =

Ns.a I N,..» and solve
Tr (WBB,aAWBBﬂ)
max

Wore Tr (Wit , BWn.0

s.t. Wgg,, semi-unitary. (34)

Both (33)-(34) are trace ratio problems, which can be solved
by any of the approaches from [15].

IV. SIMULATION RESULTS

Consider the setting of Fig. 1, with 50-GHz carrier fre-
quency. The FD node (a) is equipped with 32-element arrays,
whereas the arrays at the HD nodes (b, ¢) have 16 elements.
Half-wavelength uniform linear arrays (ULA) are assumed.
The relative geometry of the TX and RX arrays at node (a)
is as in [9, Fig. 2], with parameters § = 2\, a = 0 and
B =7%5. Weset Ny =6 and Nyqy = 5in (1), and k = 10
dB in (2). The AoAs/AoDs follow a Gaussian distribution
with mean angles uniformly distributed in [0, 7] and standard
deviation 16°. All channel matrices are normalized so that their
squared Frobenius norms equal the number of their entries.
The FD node has L;, = L,, = 8 RF chains, whereas for
the HD nodes L; . = L,; = 4. The number of data streams
is Ny, = Ns. = 2, and the INR at node (a) is ¢, = 20
dB. Monte Carlo simulations were performed on 200 channel
realizations. We consider the following benchmark designs:

o« HD-AD: Assumes HD operation, with all-digital beam-
formers given by the singular vectors of the correspond-
ing channels.

« FD-AD UB: Assumes FD operation in the absence of SI
(€aqa = 0). Same all-digital beamformers as HD-AD. It
constitutes the ultimate performance upper bound.

« HD-PC: Assumes HD operation with hybrid beamform-
ers based on the PC structure, designed via the alternating
optimization framework from [13, Sec. V].

« FD-PC UB: Assumes FD operation without SI. Same
PC-based hybrid beamformers as HD-PC. It constitutes
an upper bound for FD designs based on the PC structure.

o« FD-PC WYGX: The design of Wang et al. from [12],
which assumes FD operation with PC-based hybrid beam-
formers. Phase values are directly quantized to account
for finite precision of phase shifters.

A. SE Performance

Fig. 2 shows the sum spectral efficiency R., + Rap as a
function of the SNR, assumed to be the same at both receivers:
€ca = €qb- The SNR gap between FD-AD UB and FD-PC UB
is 3 dB (resp. 6 dB) for 4-bit (resp. 1-bit) phase shifters, and is
solely due to the hardware-related constraints imposed by the
PC-based hybrid architecture. Note that these designs assume
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which is shown in Fig. 3. With 4-bit phase shifters, the
proposed design improves SSIR by about 9 dB with respect
to FD-PC WYGX from [12], which is significant because
in practice the loss of dynamic range at the ADC input may
result in further performance losses. With 1-bit phase shifters,
an SSIR improvement of 3.5 dB is still achieved.

V. CONCLUSION

The proposed scheme outperforms previous designs while
mitigating SI before A/D conversion, and improves upon HD
operation even with coarse phase shifter quantization. Future
work should aim at further reducing the gap to the upper bound
for the partially-connected structure.
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no SI, and therefore they are useful only as performance
bounds. In practice, SI must be taken into account. In this
regard, we can compare our proposed design with that from
[12] (FD-PC WYGX): we obtain an improvement of 2.7
dB for 4-bit phase shifters, and of 5.5 dB for coarse 1-
bit resolution. In fact, the proposed design with 1-bit phase
shifters outperforms FD-PC WYGX with 4 bits. Note that
the loss of our design with respect to FD-PC UB is 2.5 dB
with 4-bit phase shifters, and only of 0.5 dB with 1 bit.

B. SSIR

To evaluate the effectiveness of the proposed design in
mitigating SI at the output of the FD node’s RF combiner,
we consider the (worst case) signal-to-self-interference ratio
(SSIR) across receive RF chains, defined as

€ca H H H
oo (Wi Heo FFTHIWip o]

)

SSIR =

min

1<v<L aaq H
S {WRF’aHaaFaFng{LWRFya N
(35)
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