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Abstract—The wide bandwidths offered at millimeter-wave
(mmWave) frequencies have made them an attractive choice
for future wireless communication systems. Recent works have
presented beamforming strategies for enabling in-band fullduplex (FD) capability at mmWave even under the constraints of
hybrid beamforming, extending the exciting possibilities of nextgeneration wireless. Existing mmWave FD designs, however, do
not consider frequency-selective mmWave channels. Wideband
communication at mmWave suggests that frequency-selectivity
will likely be of concern since communication channels will be on
the order of hundreds of megahertz or more. This has motivated
the work of this paper, in which we present a frequency-selective
beamforming design to enable practical wideband mmWave
FD applications. In our designs, we account for the challenges
associated with hybrid analog/digital beamforming such as phase
shifter resolution, a desirably low number of radio frequency
(RF) chains, and the frequency-flat nature of analog beamformers. We use simulation to validate our work, which indicates
that spectral efficiency gains can be achieved with our design by
enabling simultaneous transmission and reception in-band.

I. I NTRODUCTION
Future wireless networks have turned to millimeter-wave
(mmWave) frequencies due to their wide bandwidths, which
can offer higher rates and support more users [1]. While
there are challenges associated with communication at such
high frequencies, researchers have presented creative solutions
that enable practical mmWave communication. Chief among
these is hybrid beamforming, where the combination of a
digital beamformer and an analog beamformer is used to
achieve performance comparable to an unconstrained fullydigital beamformer with a reduced number of radio frequency
(RF) chains [2]. Phase shifter resolution and lack of amplitude
control are common analog beamforming constraints and often
complicate hybrid beamforming design [2].
The expected impacts of mmWave communication could be
extended even further by equipping mmWave systems with inband full-duplex (FD) capability—the ability for a device to
simultaneously transmit and receive in-band. Conventionally,
devices operate in a half-duplex (HD) fashion by separating
transmission and reception in time or frequency to avoid the
self-interference (SI) that is incurred when receiving while
transmitting in-band. FD operation has the immediate potential
of doubling the achievable spectral efficiency since orthogonal
duplexing of transmission and reception is no longer necessary. Furthermore, at a network level, FD capability could
offer significant throughput gains thanks to the transformative
ability to sense the channel while transmitting, suggesting that

overhead and challenges with conventional medium access can
be avoided. Additionally, the wireless backhauling associated
with fifth generation (5G) network densification is a particularly suitable application for mmWave FD where a relay node
could simultaneously forward and receive data.
FD has become a reality in recent years thanks to the
development of various self-interference cancellation (SIC)
techniques that take advantage of the fact that a transceiver
knows its own transmit signal, allowing it to reconstruct the
SI and subtract it at the receiver. If done properly, SIC leaves a
desired receive signal virtually free from SI. Almost all existing FD techniques, however, have been for systems operating
at sub-6 GHz frequencies and cannot be applied directly to
mmWave systems largely due to the numerous antennas in
use and high nonlinearity. For this reason, the few existing
FD designs for mmWave propose methods for mitigating SI
by a means referred to as beamforming cancellation (BFC)
where the transmit and receive beamformers at a transceiver
are designed to avoid introducing SI [3], [4].
Given that wide bandwidths will be used by mmWave
systems, frequency-selective channels will likely be of concern. Existing BFC designs for mmWave FD, however, do
not consider this frequency-selectivity, presenting designs for
frequency-flat channels [3], [4]. While schemes such as orthogonal frequency-division multiplexing (OFDM) can transform a frequency-selective channel into a bank of frequencyflat subchannels, the existing BFC designs cannot be applied
on a subcarrier basis due to the frequency-flat nature of the
analog beamformer. For this reason, we present a frequencyselective BFC design to enable wideband mmWave FD applications. Our design captures the hybrid beamforming structure
used at mmWave and incorporates its limitations during the
design. We account for phase shifter resolution and a lack of
amplitude control commonly associated with RF beamformers.
Most importantly, our design is a frequency-selective one,
enabling practical wideband FD operation at mmWave.
We use bold uppercase, A, to represent matrices. We use
bold lowercase, a, to represent column vectors. We use (·)∗
and k·kF to represent the conjugate transpose and Frobenius
norm, respectively. We use [A]i,j to denote the element in
the ith row and jth column of A. We use [A]i,: and [A]:,j
to denote the ith row and jth column of A, respectively. We
use NC (m, R) as a circularly symmetric complex Normal
distribution having mean m and covariance matrix R. We use
“beamformer” to refer to a column of a beamforming matrix.

II. S YSTEM M ODEL
In our design, we consider a mmWave network of three
nodes: i, j, and k. Node i is a FD transceiver transmitting
to j while receiving from k (in-band). Node i is capable
of simultaneously realizing independent transmit and receive
beamformers at separate arrays. Nodes j and k are HD devices.
We remark that, together, j and k could represent another
FD device. We assume that all precoding and combining is
done via fully-connected hybrid beamforming [2], where the
combination of baseband and RF beamforming is used at each
transmitter and receiver.
(m)
(m)
Let Nt
(Nr ) be the number of transmit (receive)
(m)
(m)
antennas at node m ∈ {i, j, k}. Let Lt (Lr ) be the number
of RF chains at the transmitter (receiver) of node m ∈ {i, j, k}.
Let all channels be frequency-selective over the band of interest. Being frequency-selective, assume the channel impulse
response has length D taps, and d ∈ {0, . . . , D −1} represents
the channel tap index (in time).
For the desired channels {Hij [d]} and {Hki [d]}, we use
the model in (1), where the multiple-input multiple-output
(MIMO) channel matrix between a node’s transmit array and
a different node’s receive array at tap d is
H[d] = α

Ncl N
rays
X
X

βmn p (dTs − τmn ) ar (θmn )a∗t (φmn ) (1)

m=1 n=1

p
where α = Nt Nr /(Nrays Ncl ), ar (θmn ) and at (φmn ) are
the receive and transmit array responses, respectively, for ray n
within cluster m, which has some angle of arrival (AoA), θmn ,
and angle of departure (AoD), φmn [2], [5]. The total number
of clusters is Ncl and the number of rays per cluster is Nrays .
Each ray has a random gain βmn ∼ NC (0, 1). The function
p(t) captures the gain at time t due to pulse shaping, and τmn
is the associated relative delay of ray n within cluster m. The
sampling rate of the channel is 1/Ts samples per second.
For the SI channel at i, {Hii [d]}, we use the Rician
summation shown in (2), where κ is the Rician factor. The
line-of-sight (LOS) component HLOS
is based on the near-field
ii
(spherical-wave) MIMO model in [3], [6] and is frequencyflat, reserving it due to space constraints. The non-line-of-sight
(NLOS) component HNLOS
[d] is based on the model in (1),
ii
meaning it is frequency-selective.
r
r
κ
1
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Hii +
HNLOS [d]
(2)
κ+1
κ + 1 ii
It is worthwhile to remark that the SI channel is not wellcharacterized for mmWave FD systems, meaning this model
may not align well with practice. However, we expect our
design will translate well to other, more practically-sound
frequency-selective SI channels since we do not rely on its
particular structure in our design.
We assume OFDM is used for sufficiently transforming
a frequency-selective wideband channel into a bank of U
frequency-flat subchannels where a cyclic prefix of length NCP
is used. Let u ∈ {0, . . . , U − 1} denote the subcarrier index.
Let Hmn [u] be the frequency-flat MIMO channel matrix from

node m to node n on subcarrier u where m, n ∈ {i, j, k}.
Having an effectively circularly-convolved channel in time,
we take a U -point discrete Fourier transform (DFT) of the
channel matrices across time to get MIMO channels across
subcarriers, which are frequency-flat.
H[u] =

D−1
X

H[d] e−j

2πud
U

(3)
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(m)
(m)
(m)
be the Ns × 1 symbol vector
Let s [u] ∼ NC 0, Rs
transmitted on subcarrier u from node m ∈ {i, k}, where we
have assumed each subcarrier is transmitted
with
 the same

(m)
(m)
be a noise
number of streams. Let n [u] ∼ NC 0, Rn
vector received by the receive array at node m on subcarrier
u, where we have assumed a common (and frequency-flat)
noise covariance matrix. Defining σ 2 as the noise variance
(m)
(m)
and letting Rn = σ 2 I and Rs = U1 I provides a convenient
formulation. For m, n ∈ {i, j, k}, we define the per subcarrier
link signal-to-noise ratio (SNR) from node m to node n as
(m)
(m)
SNRmn , Ptx G2mn /σ 2 , where Ptx is the transmit power
at m and G2mn is the large-scale power gain of the propagation
from m to n. Our simulated results in Section IV use this SNR
as a varied scalar for evaluating our design.
(m)
(m)
Let FBB [u] (WBB [u]) be the baseband precoding (combining) matrix at node m ∈ {i, j, k} for subcarrier u.
Unlike the baseband beamformers, the RF beamformers are
not frequency-selective but rather frequency-flat and are not
indexed per subcarrier. This fact will impact our design in
(m)
(m)
Section III. Let FRF (WRF ) be the RF precoding (combining)
matrix at m ∈ {i, j, k}. We impose a constant amplitude
constraint on the entries of the RF beamformers representing
an assumption that they have phase control and no amplitude
control. Further, we assume the phase shifters have finite
resolution, though our design does not rely on a particular
resolution.
For the sake of analysis, we impose a uniform power
allocation across subcarriers and streams. To do this, we
normalize the baseband
precoder
for each stream on subcarrier
h
i
(m)

2

(m)

u such that FRF FBB [u]
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which ensures that for m ∈ {i, k}
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Recall that we are considering the scenario where i is
transmitting to j while i is receiving from k (in a FD fashion).
A MIMO formulation per subcarrier gives us a received vector
as (5). Notice that the transmitted signal from i intended for
j traverses through the SI channel Hii [u] and is received
by the combiner at i being used for reception from k. The
estimated receive symbol at j from i is (6), where j does not
encounter any SI since it is a HD device. We ignore adjacent
user interference between j and k—justified by the high path
loss and directionality at mmWave.
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III. F REQUENCY-S ELECTIVE B EAMFORMING
C ANCELLATION D ESIGN
In this section, we present a frequency-selective BFC design
for the system described in Section II. Our goal is to design
precoding and combining strategies across nodes i, j, and k
that enable FD operation at i by mitigating the SI it would
otherwise incur. In this design, we assume perfect channel
state information (CSI) across nodes. There are two primary
factors to keep in mind throughout our design. First, the
hybrid beamforming architecture involves a baseband and an
RF beamformer at each transmitter and each receiver. Second,
being a frequency-selective one, our design will be on a
per subcarrier basis: the baseband beamformer is frequencyselective but the RF beamformer is frequency-flat and would
ideally be designed to satisfy all subcarriers to some degree.
Frequency-Selective Hybrid Approximation
We first present a frequency-selective hybrid approximation algorithm that we will use throughout our design. This
algorithm extends orthogonal matching pursuit (OMP) based
hybrid approximation [7] from the conventional frequency-flat
setting to a frequency-selective one. In OMP based hybrid
approximation, the constraints of the RF beamformer (e.g.,
phase quantization and constant amplitude) are captured in a
codebook matrix ARF whose columns are beamformers satisfying the constraints. Conventional OMP hybrid approximation
is represented in (7), where a fully-digital, frequency-flat
beamforming matrix X is being approximated by the product
XRF XBB for a given codebook ARF and number of RF chains
NRF . We leave the precise definition of OMP hybrid approximation to [7]. In short, OMP hybrid approximation builds
XRF column-by-column by choosing the columns in ARF
that correlate the best with the columns of X, appropriately
updating its search based on the chosen RF beamformers as the
algorithm progresses. Note that, when transmitting/receiving
Ns streams on Na antennas, we have X ∈ CNa ×Ns , while
XRF ∈ CNa ×NRF and XBB ∈ CNRF ×Ns .
(XRF , XBB ) = omp hybrid approx (X, ARF , NRF )

(7)

To extend this conventional frequency-flat OMP hybrid approximation to a frequency-selective one, we present the
following. Given a set of fully-digital beamforming matrices
U −1
{X[u]}u=0 , indexed by subcarrier, we construct the matrix X̄
by horizontally stacking the matrices as follows.


X̄ = X[0] X[1] · · · X[U − 1] ∈ CNa ×U Ns
(8)

(5)

(6)

We then invoke conventional OMP hybrid approximation using
(7) on X̄ instead of X, as shown in (9). The effect of this
is that the OMP hybrid approximation algorithm extracts
the beamformers in ARF that satisfy beamformers across all
subcarriers.


(9)
XRF , X̄BB = omp hybrid X̄, ARF , NRF
The returned baseband matrix X̄BB ∈ CNRF ×U Ns is then of
the fashion


X̄BB = XBB [0] XBB [1] · · · XBB [U − 1] ,
(10)
where the baseband beamforming matrices per subcarrier are
horizontally stacked. The returned RF matrix XRF is of the
standard fashion having dimensions number of antennas by
number of RF chains. We refer to this method as frequencyselective OMP hybrid approximation (FS-OMP) throughout
our design.
Precoding and Combining at the Half-Duplex Nodes
Taking the singular value decomposition (SVD) of the
desired channels on subcarrier u, we get
Hki [u] = UHki [u] ΣHki [u] V∗Hki [u]

(11)

V∗Hij [u],

(12)

Hij [u] = UHij [u] ΣHij [u]

where the singular values in both are decreasing along their
diagonals. We set the desired precoder at k and the desired
combiner at j to the so-called eigenbeamformers
(k)

F

[u] = [VHki [u]]:,0:N (k) −1
s


W [u] = UHij [u] :,0:N (i) −1 ,
(j)

(13)
(14)

s

(k)

(i)

where Ns , Ns streams are being communicated on each
subcarrier’s strongest so-called eigenchannels. Being fullydigital beamforming matrices, we now seek to represent them
in a hybrid fashion. To do this, we employ FS-OMP by
(k)
(j)
(k)
(j)
building F̄
from {F [u]} and W̄ from {W [u]}, as
described by (8). Invoking (9) on each gives us




(k)
(k)
(k)
(k)
(k)
FRF , F̄BB = omp hybrid F̄ , ARF , Lt
(15)




(j)
(j)
(j)
(j)
(j)
WRF , W̄BB = omp hybrid W̄ , ARF , Lr
, (16)
(m)

where ARF is the beamforming codebook matrix at m ∈
(k)

(j)

{j, k}. Unpacking F̄BB and W̄BB gives us the baseband beamforming matrix at k and j, respectively, for each subcarrier as
described by (10). We fix these hybrid beamformers at the
half-duplex nodes k and j, concluding their design.
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SNRii
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F̂BB [u] =  Hdes [u]H∗des [u] +
Hint [u]H∗int [u] +
I
SNRij
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Precoding and Combining at the Full-Duplex Node

Design Remarks

Having set the hybrid precoder at k and the hybrid combiner
at j, we focus our attention to designing the precoder and
combiner at i. We begin with considering the eigenbeamformers associated with receiving from k and transmitting to j.
Referring to (11) and (12),

We note that an RZF, like an LMMSE, will be driven to
a zero-forcing (ZF) solution when the interference dominates.
Such a scenario is common in FD applications since the SI
channel is often much stronger than the desired channels. This
indicates that ZF designs like that in [3] will likely be similar
to the solution arrived at by a RZF design. For this reason,
we expect that appropriate dimensionality should be offered to
(i)
the baseband precoder to allow a ZF solution requiring Lt ≥
(i)
(k)
(Ns +Ns ) to successfully design a precoder at i that avoids
the interference in (21) completely. This is because there are
(k)
Ns dimensions being received by the combiner and another
(i)
Ns dimensions are needed in the null space to transmit on.

(i)

W [u] = [UHki [u]]:,0:N (k) −1
s


(i)
F [u] = VHij [u] :,0:N (i) −1 .

(17)
(18)

s

We invoke FS-OMP to get the hybrid approximations of
and unpack the baseband beamformers per subcarrier to
 (i) n (i) o
WRF , WBB [u]
 (i) n (i) o
FRF , FBB [u] .

each
get
(19)
(20)

Now, we choose to fix the baseband and RF combiners to
those in (19) and the RF precoder to that in (20). The final
stage of our design is in tailoring the baseband precoder on
each subcarrier to avoid introducing SI.
(i)

We desire our choice of precoder {F̂BB [u]} to be such that
the received SI is mitigated on a per subcarrier basis. We have
(i)
chosen to fix FRF due to its constant amplitude constraint and
quantized phase shifters. Thus, we have set every baseband
and RF beamformer at each transmitter and receiver except
the baseband precoder at i. This motivates us to define the
effective SI channel
(i)

(i)

(i)

Hint [u] , WBB∗ [u]WRF∗ Hii [u]FRF

(21)

and the effective desired channel from i to j as
(j)

(j)

(i)

Hdes [u] , WBB∗ [u]WRF∗ Hij [u]FRF

(22)

With these definitions, we recognize that a desirable design
of the baseband precoder at i resembles that of a regularized
zero-forcing (RZF) transmitter (or commonly called a linear
minimum mean square error (LMMSE) transmitter) [8]. In
such a precoder design, the signal-to-leakage-plus-noise ratio
is the metric of choice, rather than the signal-to-interferenceplus-noise ratio which would apply to the combiner design.
A RZF design resembles an LMMSE one, where trading
off matched filtering for interference suppression is done
dynamically based on the SNRs involved. We invoke (23),
(i)

where F̂BB [u] is our baseband precoder at i on subcarrier u
with BFC applied.
Upon normalizing all our beamformers according to our
power constraint, this concludes our design, having set the RF
beamformers at all nodes and the baseband beamformers on
all subcarriers at all nodes.

IV. S IMULATION AND R ESULTS
To validate our design, we simulated three scenarios using
the following parameters, where each scenario is a variant of
the three node network referenced throughout. The number
of clusters and rays per cluster is the same for each tap.
Ray delays for a given tap are uniformly distributed between
sampling instances (dTs ), where fs = 1/Ts = 2 GSPS. For the
desired channels, the number of clusters and rays per cluster
are uniformly distributed on [1, 6] and [1, 10], respectively.
Each ray’s AoD and AoA are Laplacian distributed with a
standard deviation of 0.2 and a mean according to its cluster
mean AoD and AoA, which is uniformly distributed on [0, π].
We consider a root raised cosine pulse shape where β = 1. The
maximum delay of frequency-selective channels D is varied
throughout our simulated scenarios, though we consistently
use an OFDM cyclic prefix of length NCP = D/4.
(k)
(i)
We transmit two streams on each link, i.e., Ns = Ns =
2. Horizontal half-wavelength uniform linear arrays (ULAs)
are used at all nodes, where the number of transmit antennas
and the number of receive antennas are both 32. The transmit
and receive arrays at i are vertically stacked with a separation
of 10 wavelengths, a factor only of concern to create the
spherical-wave MIMO SI channel in (2). For the SI channel,
we use a Rician factor of κ = 10 dB and a NLOS channel
with the same parameters as the simulated desired channels,
except with fewer clusters and rays. The number of clusters
is uniformly distributed on [1, 3], and the number of rays
per cluster is uniformly distributed on [1, 6]. In all simulated
scenarios, we let SNRii = 80 dB due to close proximity of
the transmit and receive arrays at i.
During OMP hybrid approximation, we use a DFT codebook matrix across at all nodes. Note that this choice implicitly
suggests that the phase shifters have a resolution of at least
2π/Na , where Na is the number of antennas at the beamformer
being approximated.

TABLE I
S IMULATED S CENARIOS AND THEIR PARAMETERS
(i)

(i)

(j)

(k)

Scenario

U

Lt

Lr

Lr

Lt

Equal users, low selectivity

8

6

2

2

2

Equal users, high selectivity

128

8

4

4

4

Disparate users, low selectivity

8

6

2

2

2

Important Benchmarks
Our primary metric for evaluating our design is the sum of
the spectral efficiencies from i to j and from k to i.
Ideal Full-Duplex: To evaluate our design, we compare its
performance to that of an ideal FD system, where the two links
simultaneously operate interference-free (i.e., Hii = 0). There
are two ideal FD scenarios to consider: (i) two non-interfering
links operating with fully-digital eigenbeamformers and (ii)
two non-interfering links operating with hybrid-approximated
eigenbeamformers. We consider both because there will be
some loss attributed to frequency-selective hybrid approximation and to BFC design—plotting them against our achieved
results will indicate our design’s relative performance.
Half-Duplex: For evaluating the HD spectral efficiency, we
again consider both a fully-digital and a hybrid case, both
using eigenbeamformers. In both, it is important to note that
we assume equal time-sharing of the medium by the two links.
(Of course, equal time-sharing may not satisfy a particular
application’s sense of fairness.) Given equal time-sharing, the
fully-digital HD sum spectral efficiency is half of the fullydigital ideal FD one. The hybrid HD sum spectral efficiency
is half of the hybrid ideal FD one. It is the goal of our FD
design to outperform HD operation.
Scenario #1: Similar Users in a Mildly Selective Channel
In this simulated scenario, we have considered equal SNRs
on the links from k to i and from i to j, i.e., SNRki = SNRij .
Such a scenario could correspond to a case where k and j
are collocated, perhaps together comprising a single FD node.
(However, we remark that we have not considered reciprocal
channels.) Additionally, we have considered a mildly selective
channel where D = 8 and U = 8. As indicated by the first
row of Table I, we have allotted 6 RF chains to our precoder at
i. This provides the dimensionality for sufficient performance
of our design, as described in our design remarks, where we
will use the additional RF chains for mitigating SI.
The results of this scenario are shown in Fig. 1, which shows
the sum spectral efficiency of the two links as a function
of their SNRs. The two variants of ideal FD operation are
shown, where the fully-digital case outperforms the hybrid
one, as expected, due to imperfect hybrid approximation by
OMP. Also included are the fully-digital and hybrid HD cases.
Between HD and ideal FD operation lies our achieved FD sum
spectral efficiency. The goal of FD operation, of course, is to
outperform HD operation, which is achieved by our design.
In fact, the gain that can be seen over HD operation by our
design is almost completely attributed to the spectral efficiency

Fig. 1. Results of simulating Scenario #1 showing sum spectral efficiency as
a function of SNRij = SNRki when SNRii = 80 dB.

of the link from i to j since the link from k to i is relatively
unaffected by our design. This is thanks to the ZF nature of
the precoder at i given that SNRii is so strong.
We now comment on our frequency-selective hybrid approximation algorithm based on OMP (i.e., FS-OMP). In
this case we have considered a mildly selective channel,
meaning that there are fewer subcarriers. For this reason, it
is expected that frequency-selective hybrid approximation is
more likely to offer better performance since the frequencyflat RF beamformer has to satisfy fewer subcarriers. In general,
increasing the number of RF chains will improve the accuracy
of hybrid approximation, which is supported in the next
simulated scenario. Hybrid approximation (which is inevitably
imperfect) will always be outperformed by a fully-digital
solution free of constraints. This can be observed in Fig. 1
between the two ideal FD cases and between the two HD cases.
At best, our design can aim for the performance seen by the
hybrid-approximated ideal FD spectral efficiency. Given all of
this, we remark that our frequency-selective BFC design could
be enhanced with improvements to hybrid approximation.
Scenario #2: Similar Users in a Highly Selective Channel
In this scenario, we again consider users with equal SNRs,
i.e., SNRij = SNRki . However, this time, we consider a
highly selective channel where the number of channel taps
is D = 128 and the number of subcarriers is accordingly
U = 128. Most immediately, we remark that high frequencyselectivity will introduce challenges in hybrid approximation:
the frequency-flat RF beamformers must satisfy many subcarriers. To account for this, we increase the number of RF chains
at each transmitter and each receiver compared to the mildly
selective case in Scenario #1. The parameters used are shown
in the second row of Table I.
The results of this scenario are in Fig. 2. Comparing this
to the results of Scenario #1, we make a few points. First,
we remark that such high selectivity introduces significant

Fig. 2. Results of simulating Scenario #2 showing sum spectral efficiency as
a function of SNRij = SNRki when SNRii = 80 dB.

Fig. 3. Results of simulating Scenario #3 showing sum spectral efficiency as
a function of SNRij = SNRki + 30 dB when SNRii = 80 dB.

challenges in hybrid approximation, even with the increased
number of RF chains. This introduces sizable gaps between
a fully-digital curve and its respective hybrid curve. For this
reason, it’s important that we compare our design to the FD
and HD hybrid cases rather than to the fully-digital ones. Our
design does quite well in approaching the hybrid ideal FD
spectral efficiency, nearly doubling the hybrid HD spectral
efficiency. These results indicate that our design extends from
a mildly selective scenario to a highly selective one quite well.

V. C ONCLUSION

Scenario #3: Disparate Users in a Mildly Selective Channel
In this scenario, we consider the case when the link from
k to i is 30 dB weaker than the link from i to j, i.e.,
SNRij = SNRki + 30 dB. Recall that our design sacrifices
some performance on the link from i to j while aiming to
preserve the link from k to i. We consider user disparity to
see how this loss on i to j affects the overall performance of
our design. The simulation parameters for this can be seen in
Table I, where we have allotted 6 RF chains to the transmitter
to exaggerate our point. A lower number of RF chains at
the transmitter yield similar, but less convincing, results. We
remark that we forgo showing the alternative, when k to i is
stronger than i to j, because such a scenario is favored by our
design by preserving the stronger link.
The results of this scenario are shown in Fig. 3, where the
sum spectral efficiency is shown as a function of SNRij . The
achieved sum spectral efficiency during FD operation with our
design is comprised of the degraded link on i to j and the
relatively unaffected link from k to i. However, since SNRki
is much weaker than SNRij , the losses on i to j are magnified,
given our assumption of equal time-sharing for HD operation.
Even with 30 dB of disparity, the sum spectral efficiency
achieved by our FD design outperforms HD operation. These
results indicate that our design, while somewhat lopsided in
that it only tailors precoder in its design, manages to produce
meaningful gains over HD, both fully-digital and hybrid.

In this paper, we presented a frequency-selective beamforming strategy that enables simultaneous in-band transmission
and reception at a mmWave transceiver employing fullyconnected hybrid beamforming. Our design leverages existing
OMP based hybrid approximation to account for quantized
phase shifters and lack of amplitude control associated with RF
beamforming. Our strategy addresses the frequency-selectivity
that mmWave systems are likely see over wideband communication, mitigating SI on each subcarrier while maintaining
service to the desired users. Results from simulation indicate
that our strategy offers FD spectral efficiency gains in various
channel conditions.
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