DRAFT

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2019.2930333, IEEE Access

Multicarrier Division Duplex Aided Millimeter
Wave Communications

Rakshith Rajashekagenior Member, IEEE, Chao Xu,Member, IEEE, Naoki Ishikawa,Member, IEEE,
Lie-Liang Yang,Fellow, IEEE and Lajos Hanzo*ellow, IEEE

Abstract—The existing Time Division Duplex (TDD) and Fre-

TABLE I: Nomenclature

guency Division Duplex (FDD) techniques rely on a guard time ADC Analog-to-Digital Converter
and/or guard band to avoid Self-Interference (SlI) between the AOA Angle of Arrival
uplink and downlink channels, which results in the wastage of AoD Angle of Departure
precious spectral resources. The Full-Duplex (FD) schemes of AP Access Point
In-Band Full Duplex (IBFD) as well as Multicarrier Division BS Base Station ,
Duplex (MDD) may overcome this drawback while retaining Csl Channel State Information _
the key benefits of both TDD and FDD. Moreover, the MDD CSIT  Channel State Information at Transmitter
exhibits the exclusive benefits of the reduced Peak-to-Average Bé? B[gltal-to-Ana!og Converter
- . o iscrete Fourier Transform
Power Ratio (PAPR) for signal transmission as well as the SI- DL Down Link
free signal detection. Against this background, in this work, we ED Full Duplex
propose a novel FD scheme conceived for frequency-selective FDD Frequency Division Duplex
millimeter Wave (mmWave) channels, which have not been FSPL Free-Space Path Loss
investigated in the open literature. Furthermore, we propose a HARQ Hybrid Automatic Repeat reQuest
novel Projection aided Iterative Eigenvalue Decomposition (P- HD Half Duplex
IEVD) algorithm, which performs nullspace S| cancellation in IBED ~ In-Band Full Duplex
the inherent beamforming structure of mmWave communication. IDFT Inversed D_|scret¢|e Fourier Transform
Our simulation results confirm that the MDD is capable of 'LEVD Iterative Eigenvalue Decomposition
A oS Line-of-Sight
outperforming its Half-Duplex (HD) counterparts of TDD/FDD, LTE Long-Term Evolution
even the IBFD can only achieve a better bandwidth efficiency M2M Multipoint-to-Multipoint
than the MDD when a sufficiently high SNR is provided. MAC Medium Access Control
S MDD Multicarrier Division Duplex
Index Terms—Full duplex, orthogonal frequency division MPC Multi-Path Component
multiplexing, millimeter wave, uniform linear array, multicar- MS Mobile Station
rier division duplex, analog-to-digital converter dynamic range, NLoS Non Line-of-Sight
power-amplifier dynamic range, beamforming, nullspace self- NR New Radio
interference cancellation, dynamic subcarrier allocation. OFDM  Orthogonal Frequency Division Multiplexing
P2P Point-to-Point
PA Power Amplifier
PAPR Peak-to-Average Power Ratio
I. INTRODUCTION P-IEVD  Projection based Iterative Eigenvalue Decomposition
RA Receive Antenna
Time Division Duplex (TDD) and Frequency Division Du- §|x Fsigﬁir\]/tifrference
plex (FDD) [1]_[4] have been the dominant spectrum access SIQNR  Self-Interference-to-Quantization Noise power Ratio
techniques both in the IEEE 802.11a/n/ac/ah family as well as SQNR  Signal-to-Quantization Noise power Ratio
in the emerging 5G cellular network. Recently, the Full-Duplex $ADD %agsTmrxeAgFQQ%i Duble
. . . | IVISI u X
(FD) techniques including the In-Band Full Duplex (IBFD) Tx Transmitter P
[5]-[11] and Multicarrier Division Duplex (MDD) [12]-[17], UL Up Link
which are capable of better exploiting the valuable spectral ULA Uniform Linear Array

resources, have attracted substantial interest both in academia
and in the wireless industry. The schematics of these basic
access techniques are portrayed in Fig. 1, and their features ar@irst of all, the TDD separates the Up Link (UL) and Down
summarized in Table I, where the advantages are highlighteithk (DL) in the time domain, where a guard interval is
in blue. required, as shown in Fig. 1 for accommodating the transients
between the switching instants. On one hand, the TDD mode
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Fig. 1: Schematic descriptions of Time Division Duplex (TDD), FrequeBdyision Duplex (FDD), In-Band Full-Duplex (IBFD) and
Multicarrier Division Duplex (MDD).

TABLE II: Comparison of Access Technologies (their advantages . ) .
highlighted in blue). aIEPrequency (UHF) b.and (0.3 GHz-1 GHz), L-band (1 GHz
5 2 GHz) as well as in the lower half of the S-band (2 GHz—
Guard nterval Required 3 GHz), which are inherited from the legacy microwave 2G-4G
cellular networks.

UL/DL spectrum

CSIT (shared EECMLLE  Require SR MEN VG By contrast, the IBFD scheme aims for simultaneously

Tx/Rx antennas) feedback L L. . . .

Asymmetric fraffic transmitting and receiving signals in the same pand, which

Guard band may potentially make the spectral resources twice as valu-

Synchronization | Required able, as demonstrated in Fig. 1. According to fundamental
antenna theory, the electromagnetic fields of the transmitted

Hidden terminal Exist

Delayed HAR Delayed . . .

Bangwidth Q y, : and received signals are independent of each other [19], hence
efficiency Classic |  Classic the IBFD mode has already been widely implemented in
OFDM PAPR Classic_| _Classic continuous-wave radar systems since the 1940s [9]. As the

Sl (signal reception)
Sl (signal detection)

benefit of simultaneous signal transmission and reception, the
IBFD is capable of improving the bandwidth efficiency, while
both the TDD problems of guard interval, hidden terminal and
However, TDD also suffers from three disadvantages, whidglayed HARQ as well as the FDD problems of guard band,
are also summarized in Table II. Firstly, the TDD guaréeedback for C_SI'I_' and inflexibility in asymmetr_lc traffic are
interval has to take into account the round-trip delays of til effectively eliminated [5}-{11], as presented in Table II.
cell-edge mobile users. The associated stringent time synchroHowever, the major challenge in IBFD is the strong Self-
nization inevitably limits the cell radius. Secondly, the hiddelnterference (SI) that is leaked from the transmitter to the
terminal problem arises, when the carrier sensing initiatégiceiver of the same node. Intuitively, the full-duplex node
by Node 1 falsely detects an idle state of the Access Pokiiows its transmitted signal, which should be directly sub-
(AP), which is not transmitting but receiving from Node 2 thatracted from the received signal without causing SI. However,
appears to be hidden to Node 1 [5]. Thirdly, due to the TDIhe Sl that received from its own transmitter may be up to
delay, the CSIT may become outdated, which may be furtheilions time stronger than the signal received from the desired
aggravated by Hybrid Automatic Repeat reQuest (HARQ) fiiansmitting node (30-120 dB [6], [8]-[11]). As a result, the
the Medium Access Control (MAC) layer. Nonetheless, in thi#ghite-precision Analog-to-Digital Converter (ADC) is often
most up-to-date 5G New Radio (NR) standard releases [18§turated by the SI, which imposes overwhelming quantization
TDD is the sole access technology adopted both in the C-bamise to the desired signal. For example, let us assume that
(4 GHz-5 GHz) as well as in the mmWave K-band (24 GHzthe Sl is 40 dB (= 10000times) stronger than the desired
27 GHz) and Ka-band (27 GHz—40 GHz). Moreover, TDDeceived signal. Based on the rule-of-thumb ADC dynamic
also coexists with the FDD mode both in the L-band (1 GHzange of6.02Q) dB, where@ denotes the number of ADC
2 GHz) and in the S-band (2 GHz—4 GHz). resolution bits, a dynamic range of 48.2 dB is provided by
As an out-of-band full-duplex scheme, the FDD modie ADC for @ = 8 bits. However, owing to the strong SI
concurrently transmits and receives signals at separate frequiid0 dB that saturates most of the ADC dynamic range, the
cies, as portrayed in Fig. 1. On one hand, the FDD mode m@ffective ADC dynamic range left for the desired signal is
efficiently alleviate the aforementioned TDD disadvantagégduced to8.2 — 40 = 8.2 dB, which corresponds to merely
of stringent time synchronization, hidden terminal probleff2/6.02 ~ 1.36 ADC resolution bits. This detrimental effect
and delayed HARQ, as seen in Table II. On the other harig€vitably results in a substantially increased quantization
a sufficiently wide guard band is required for the sake &Yise to the desired signal.
avoiding power leakage between the UL and DL, which resultsIn general, the Sl in the IBFD scheme has to be mitigated for
in a waste of the valuable spectral resources. Moreover, thath signal reception in analog domain and signal detection in
FDD mode is inflexible in terms of supporting asymmetridigital domain [9]-[11], as shown in Table Il. As the frontier
traffics. All these features render the FDD mode suitabfiefense mechanism against Sl, the transmit and receive anten-
for long-range symmetric and low-rate communications inas are often separated in the propagation domain, where the
the low-frequency microwave bands. In the 5G NR standapthysical distance, the blocking obstacles and careful antenna
releases [18], the FDD mode is deployed in the Ultra Higblacement may attenuate the Sl. As the second line of defense,
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the Sl has to be modelled and subtracted from the received
signal by the analog circuitry before ADC, which improves the
signal reception. Finally, the residual Sl after ADC is further
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the oscillator’'s carrier frequency, which has to be dealt
with by the Phase-Tracking Reference Signal (PT-RS)
in the most up-to-date 5G standards [24].

mitigated in the digital domain, which improves the signghgainst this background, the contributions of this paper are
detection. In summary, all the aforementioned Sl mltlgat|o&p|icitly summarized as follows:

techniques inevitably impose extra hardware and software

costs and constraints, which impede their implementation in1) N this work, we propose a novel FD-based bidirectional

commercial networks.

The MDD [12]-[17] is capable of overcoming some of the
drawbacks of the aforementioned access techniques without
compromising their key benefits. Specifically, the MDD as-
signs orthogonal subcarriers in each Orthogonal Frequency
Division Multiplexing (OFDM) symbol to the separate UL and
DL channels, as demonstrated in Fig. 1. As a result, the MDD
has the following advantages, as summarized in Table II:

(A.1) Owing to the orthogonal OFDM subcarrier division
shown in Fig. 1, the MDD is completely free of SI
during the signal detection in the digital domain.

Since only a fraction of the OFDM subcarriers are
activated for the UL and DL, the Peak-to-Average Power
Ratio (PAPR) of the transmitted signals is substantially
reduced. The associated power consumption reductiory
for the Power Amplifier (PA) is achieved without the
extra complexity of invoking any of the conventional
PAPR reduction techniques, such as active constellation
extension, selected mapping, tone injection and tone
reservation [20]-[23].

In the face of asymmetric UL/DL traffic, the MDD is
capable of dynamically assigning a smaller portion of
OFDM subcarriers to the lower-traffic UL, which in
turn reduces the power consumption for the shirt-pocket-
sized MSs having a compact form-factor.

The MDD retains the IBFD advantages of eliminating
the guard interval/band, acquiring CSIT without feed- g
back, instantaneous HARQ and avoiding the hidden
terminal problem.

(A.2)

(A.3)

(A.4)

Nonetheless, we will demonstrate in this paper that the tradeoff
between IBFD and MDD is very similar to the tradeoff
between FDD and TDD, where IBFD outperforms MDD at
sufficiently high SNRs. More explicitly, the inherent disad-
vantages of MDD seen in Table Il are summarized as follows:

(D.1) Despite its beneficial Sl-free nature in the digital do-
main, the effect of Sl on the dynamic range of the ADC
used for signal reception still has to be addressed in the
MDD regime.

As a result of the separate subcarrier assignments for
the UL and DL, the overall system throughput of
MDD cannot compete with IBFD. Nonetheless, we will
demonstrate that due to the residual S| contaminating the

(D.2)

Point-to-Point (P2P) transmission scheme for frequency-
selective mmWave channels, which has not been inves-
tigated in the open literature. More explicitly, first of all,
the duplex Transmitter (Tx) and Receiver (Rx) are mod-
elled by Uniform Linear Arrays (ULAS) associated with
adjustable separation distance and angle parameters,
which subsumes the special case of Tx and Rx sharing
the same antenna array. Secondly, we model the Line-
of-Sight (LoS) S| channels by the near-field propagation
model, which allows us to perform tractable analysis.
Thirdly, the Non-Line-of-Sight (NLoS) Sl channels as
well as the multipath communication channels between
the two nodes are modelled by the far-field propagation
model, where the sparsity of both the spatial and time
domains are exploited.

) Without loss of generality, we propose to mitigate

the LoS Sl by nullspace cancelling in the inherent
beamforming structure of mmWave communication. To
elaborate, in addition to the objective of maximizing
the beamforming gain, an extra constraint of creating
null beams for the LoS Sl channels is added in the FD
mode. As a result, although the Half-Duplex (HD) TDD
scheme is capable of achieving a higher beamforming
gain in the absence of any Sl mitigation constraint,
our simulation results confirm that the FD schemes of
IBFD and MDD consistently exhibit higher bandwidth
efficiencies than their HD TDD counterparts.

The comparison between the FD scheme pair of MDD
and IBFD is examined in terms of the following three
aspects. First of all, regarding the Tx PA dynamic
range required for signal transmission, the MDD exhibits
substantially reduced PAPR, which reduces the power
consumption at the Tx. Secondly, in terms of signal re-
ception, both MDD and IBFD have to take into account
the ADC dynamic range in the context of the proposed
nullspace Sl cancellation. Thirdly, owing to the fact
that the OFDM subcarriers are separately assigned to
the bidirectional links, “clean” uncontaminated received
signals without SI become available to the MDD in
the digital domain. As a result, our simulation results
demonstrate that the MDD is capable of outperforming
the IBFD in small mmWave cells, unless unrealistically
high SNRs are assumed.

signal detection, the IBFD can only achieve a higher The remainder of the paper is organized as follows. The
bandwidth efficiency, when a sufficiently high SNR idMDD aided P2P mmWave communication system as well

provided.
(D.3)

as the associated Sl and the mmWave channel models are
Owing to the simultaneous signal transmission and rpresented in Section Il. The issues of the PA dynamic range

ception, both MDD and IBFD impose stringent requireand the effective ADC bitwidth reduction as well as our
ments on time synchronization. Moreover, all of thbeamforming aided solution are presented in Section IIl. Our
OFDM-based duplex techniques of TDD, FDD, IBFDsimulation studies are presented in Section IV, while Section V
and MDD suffer from a phase noise that increases wittoncludes the paper.
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Il. MDD AIDED MM -WAVE COMMUNICATION SYSTEM
A. System Model

Let us consider a pair of MDD nodes communicating wm?e 1
each other, as shown in Fig. 2. Each node is assumed to
have N;; Transmit Antennas (TAs) andy,; Receive Antenna
(RAs) placed in _a Unlform Linear Array_ (ULA) with half- Fig. 2: Notations of Full-Duplex (FD) aided bidirectional Point-to-
wavelength spacing, wheredenotes the index of the node pgjnt (P2P) mmwave communication system.

Each antenna chain is assumed to be followed/preceded by

a variable gain amplifier and a phase shifter, which ag Channd Modd

used for employing transmit as well as receive beamforming.
Furthermore, letw,; € CN+ andw,; € CN represent the
unit-norm transmit and receive beamforming vectors at no
i. The signal sequence received at iflenode is given by:

In recent years, substantial research efforts have been
ggdicated to beamforming design [25]-[37] that takes into
account both channel estimation [27]-[29], and multi-user
access [30]-[33] as well as full-duplex scenarios [34]-[37]
Ne—1 y 3 in the narrowband mmWave channels. However, the mmWave
ri(n) =\/pi; Z wHH wyzi(n —m;’ )+ mode of the most recent 5G New Radio (NR) standard releases
1=0 is OFDM-based [24]. Against this background, in this work,

LoS we invoke the following frequency-selective mmWave channel

pESWITHG wywi(n — m') + )
model [38], [39] for (1) that subsumes all the aforementioned
LoS Sl narrowband models as a special case:
N.—1
i i Ne—1
N ng”wtixv(n —m;")+z(n), (@) i © i y

3% ; l % l H J(m) — Z Hlja(m _ ml])' (3)

=0

NLoS SI

_ _ g The multipath delaysn;’ are assumed to be uniformly dis-
where N is the number of multipath clusterSl)’ € yibyted over|0,1, ..., D], whereD corresponds to the largest
CN-xNi; represents the channel matrix corresponding Fﬂultipath delay. We definen’/ £ m® +£ ... % ml and

the I™ multipath cluster between thg" transmitter and the N, < D, owing to the fact th?it mm\}Vave channeINﬁElls limitted
i receiver, Hy represents the strongest LoS Sl channel gtaitering. Furthermore, since the distance between the two
the " node, Hj' represent the NLoS multipath component§oges is far larger than the mmWave wavelength, the multipath

associated with the SI channel at it node, m’ is the ciyster in (3) is further extended according to the far-field
multipath delay associated withl;’, z;(n) is the data se- propagation model [37], [40], [40] as:

quence transmitted by node and z(n) ~ CAN(0,0%)! is

the thermal noise. Owing to the physical separation between i NiiNyi Nray ~1 . I Ho
the transmit and receive antennas, the NLoS S| component ~ Hi' =1/— > aleni(0))efl(¢h), 4

of (1) is modelled in the same way as the desired channel’s ¢ k=0

frequency-selective multipath propagation link between thghereN,,,, is the number of Multi-Path Components (MPCs),
two nodes, where the distribution of the multipath channelghile each MPCal, ~ CA(0,1) has independent Angle of
H;” andH}* as well as that of their delays,” andm;* will  Arrival (AoA) 6. and Angle of Departure (AoDY. These
be introduced in Sec. 1I-B. We note that this does not impos@glesd! and ¢! are generated using Laplacian distribution
any problem on the bespoke OFDM scheme considered in thigsh mean values off' and ¢!, variances ofs? and o2,

work, as long as the cyclic prefix is longer than the maximupgspectively, wheréd! and ¢! are assumed to be uniformly

delay D. distributed in the intervgld, 27). Moreover, the array response
For the sake of clarity, (1) may be simplified as: vectors of thei" receivers and;" transmitter's ULAs are
N1 given by:
7 ij oS T i

ri(n) =\/pi; Z hy xi(n—m)’) + 1/ ptShg zi(n — m{) + eri(%) __1 [ejﬂOHL eImL0, ... oim(Nei—1)0; ’

=0 e — o6

LoS Sl ] i i im( Ny —
Neel 0 etj((b;c) = #ﬁ |:e.7 0y, el 1op ... el (Nt 1)¢ki| .
v Pii ; hy wi(n —mi’) +2(n), @ The Los component of the S| channel depends on the

geometries of the transmit and receive ULAs. Assuming that
NLoS Sl the transmit and receive ULAs are seprated by a distahce
where {E;'j _ Wngthj};v:C071 and {E;’i _ ahnd hasvesap angl_JIar mclmatlog gf ars], portra)]i_etljdby Fig. 3,.
Hiivy 4}NC,1 denote the beamformed channels the Lo I in (1) is represented by the near-field propagation
Wri e Wi f1—o : model [41]-[43] as:

1The complex Gaussian random variable with mgaand variances? is i _ £ —j2ng
represented bg A (i1, 02). H{ (¢,p) = Twe r (6)

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2019.2930333, IEEE Access

DRAFT 5

wy = exp(j2F). The IDFT may be expressed in matrix form
asx; = Wils;, andx; = Wis;, whereWy € CV*V s
the Discrete Fourier Transform (DFT) matrix, while we have
the frequency-domain vectoss € C ands; € CV and the
time-domain vectors; € CV andx; € CV.

In the OFDM model, the received samples of (2) may be
formulated as:

T’L(n) = \/[TjZlE;:O h;rjfrj <n - ld>N+ (9)

D ~..
_ o . . . VPii 21— hiyzi{n — la) v + z(n),
Fig. 3: Pictorial depiction of the transmit and receive antenna array )
geometry at each node. where(n — ;) y denotegn —I;) modulo N, while the sparse
delayed and beamformed channels are given by:

where¢ is the power normalization constant ensuring that we ;. Efj = wHH w,;, if Iy =m?

havetrace HyH} ) = Ny N,;, while the distance between e =), otherwise

the p!" TA and ¢" RA is given by (7). iy _ _ } (10)
We note that the pair of transmit and receive ULAs de-  ji = { M = WriHi'wii, if la = mj’

ployed at the same node seen in Fig. 3 are configured in a ¢ 0, otherwise

two-dimensional plane, since no relative transmitter-receiVRg a result, (9) may be expressed in matrix form for the N-
movement is considered. The readers may refer to [44] for thgpcarrier OFDM system as:

practical three-dimensional deployment, where the effect of .y ~
polarization mismatch between the transmit and receive ULAs r; = /piHYx; + /i H"x; + 2, (11)

located at two separate nodes is taken into account. whereH ¢ CN*N andH# € CV*N are circulant matrices

Moreover, for the special case of Tx and Rx sharing ”}fssociated Witf{ﬁfi}gzo and {Eﬁ}ﬂzo’ respectively.

same array, we havé = 0 andﬂ = 0. In this case, however, Finally, the frequency-domain received OFDM symbol after
the extra hardware cost of either a three-point circulator PET is given by:

an electrical balance duplexer has to be equipped for each - -

antenna element, so that the flow of transmit and receive yi = Wnr; = /piDYs; + /pi;D"si +2,  (12)
signals is directed in a clockwise manner [9]-[11]. However, i _ i H i P
the antenna separation aided scenariaiaof 0 andd > 0 where D' = WyHYWy and D' = WyH"Wy are the

inevitably complicates the CSIT acquisition for both IBFD anglgonal mf;t_rces hhawggic&a;nnel coefficients in the Fourier-
MDD. Nonetheless, thanks to the combined UL/DL spectrum,omam' while we have = W nz.
the channel reciprocity seen in Table Il is still valid durin
the stage of channel sounding phase invoked for resou e MDD and IBFD

scheduling, since practical mmWave communications do notln this work, we focus our attention on the bidirectional P2P
always activate all antennas over the entire available spectraystem of Fig. 2 associated with symmetric traffic. Therefore,
for each link. In the most up-to-date 5G standards, the gratite MDD subcarrier allocation within an OFDM symbol may
based resource scheduling and beam selection are assibteéxpressed as:

by the Sounding Reffarence _Signal (SRS) and CsSi Refergnce si(k) £ 0 ands; (k) =0, 0<k<N/2—1
Signal (CSI—RS), which are indepdent of the Dempdulgtlon { si(k) =0 ands;(k) £0, N/2<k<N -1
Reference Signal (DM-RS) used for the accurate estimation of ) ) ) )
the amplitudes and phases of the Channel Impulse Resporfdg&eoVver, in the case of dynamic subcarrier allocation based
(CIRs) for the sake of performing coherent detection [24]. ON the link qualities, the MDD transmission may be optimized

Finally, similar to (3), the NLoS SI of (1) is given by: @S-

(13)

N.—1 { si(k) # 0 ands;(k) =0, |if |Dji(_/-;, k)| > |D¥ (k, k)|
Hii (1m) = Z Hiio(m — mi), @8) si(k) =0 ands;(k) # 0, otherwise ’

=1 (14)

- . As a result, the MDD signal detection in the digital domain is
where the MPCH" are also generated according to the fartiean” and completely free from SI, where (12) is extended

field model of (4). as:
yi(k) = /pij DY (K, k)s;(k) + 2(k), if sj(k) #0

C. OFDM Model yj(k) = /pjiD?" (K, k)si(k) + 2(k), if s;(k) #0 °

For an OFDM system havingV subcarriers, the time- _ S (15)
versed Discrete Fourier Transform (IDFT) as(n) = Node 1and Node 2 of Fig. 2 are given by:

N—-1 Kn N-1 KN

\/% Y=o si(k)wy' and z;(n) = \/% Dow—o Si(R)WR" Chel = %E{ZVSQ(K,)#O logy [1 4 p12|D*(k, ©)[?]
where {s;(x)}=, and {s;(x)};=; are the OFDM symbols  CNB%2 = LE{Y . (0108 [1+ por[D (5, 5) ] .
modulated at thé'" and ;" node, respectively, while we have (16)
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dqp:\/{ d +(q—1))\r+{ d +(p—1)>\}22{ d +(q—m” d , =DA] @)

tan 9 2 sin ¢ 2 tan ¥ 2 sin ¥ 2

In summary, the MDD activates half of the OFDM subcarriers 7,
for each link so that the signal detection becomes Sl-free. Nonlinear Region

By contrast, the IBFD always activates all OFDM subcar-
riers for each link as:

si(k) #0 ands;(k) #0, 0< K< N -1 a7)

Therefore, the IBFD bandwidth efficiency of each node may
be evaluated based on (12) as:
Nodel _ 1 N-1 p12|D2(k,K)|?
Cigtp = v E{> =0 logy |1+ 1+pu\1;>1“(m)2l2 b (18) Dynamic Range
N-1 21D (Kk,k
O’ = v B{X, 2o logs |1+ 1fpz‘2\D2(2(n,£)|2 }- | |

. . . . Average Peak P,
Intuitively, the IBFD achieves an improved throughput, since PAPR of OEDM

all of the N OFDM subcarriers are activated for each link. — P A\PR of MDD (symmetric UL/DL)

However, Compargd to the M[.)D. of (16), the performa_nclt_aig_ 4: The dynamic range of the Power Amplifier (PA) at the
of IBFD of (18) is severely limited by the SI. We will yangmitter (Tx).

demonstrate in our simulation results of Sec. IV that the
IBFD can only achieve a higher bandwidth efficiency, when a n_;

sufficiently high signal transmission power is provided. =0 al n = 0, which _results n .PAPR = N
[53]. Moreover, let us consider employindg-ary QAM
having symbols of the form{{st/te = YL=2u-1

I1l. PROPOSEDBEAMFORMING AIDED MDD FOR _ﬁii }i 1T {{s x/_B ™
MM -WAVE COMMUNICATIONS jT‘?}LFg },2o for the frequency-domain OFDM

N_l . . .
In this section, we briefly address the dynamic range of tR¥mMbol {s(x)},—,, where the normalization factor i8 =
: : VE/2=1 VL2211 /T 9 1)2 4 (VI —20g—1)?]
PA at the transmitter and of the ADC at the receiver. Then og¢:1=o 1Q=0 ' ? _ 2(L-1) [54]
3 L

beamforming aided S| cancellation scheme is presented. [55]. The peak powLe/r4 of the time-domain OFDM sample of
z(n) = ﬁ ij;ol s(k)wh is obtained, when modulating all

A. Dynamic Range of PA subcarriers by the maximum-power QAM symbol{afx) =
It is widely known that as a result of the IDFT operation, the\% + YN at n = 0, which results inz(0) =

PAPR of the OFDM signals grows linearly with the number of L_ s~N-1 (VL-1 | ,vL-1) _ VI-1 | VI-1
g g y > k=0 +Iv75 = VN T i)

subcarriers. To elaborate, the dynamic range of the PA at tigs average OFDM samplé power remains unity. In summary,
transmitter is dependent on the PAPR, which is portrayed §e resultant OFDM PAPR is given by [54], [56]:

Fig. 4. In the classic PA design, the Input Back-Off (IBO) is X
defined by the ratio of maximum voltage supply and average PAPR— 2N(VL—-1)>  3N(VL— ) (19)

input power [45]-[47]. For the signals associated with a high B VL+1

PAPR, a large IBO is required in order to avoid the saturation although the probability of occurrence of the signals having
of signals in the non-linear range of the transfer characteristjg peak-power decreases with bath and L, the OFDM
seen in Fig. 4. By contrast, having a high IBO degrades thgstems typically still have to invoke PAPR reduction tech-
PA efficiency. niques including active constellation extension, selected map-
The trend of modern circuitry design indicates that thging, tone injection and tone reservation [20]—[23]. In recent
IBO provided by the commercially available PAs generallyears, Subcarrier Index Modulation (SIM) [54], [57]-[59] has
decreases as the carrier frequency increases [48]. In the mafifacted substantial attention, which activates a subset of
up-to-date 5G standards [18], only the lower frequency rangghcarriers, where the activation indices implicitly carry extra
of the Ka-band (27 GHz-40 GHz) is utilized from the widegoyrce information. The resultant PAPR reduction constitutes
mmWave spectrum (30 GHz-300 GHz). In fact, processinghe of the key benefits of the SIM design [54], [57]-[59].
the OFDM signals associated with high PAPR becomes ifthe MDD is similar to the SIM in the way that only a subset
creasingly challenging in the higher frequency range of thg subcarriers are activated for each link, which effectively
mmWave band that approaches the edge of the Terahertz basiflices the PAPR without involving extra signal processing
(0.1 THz-10 THz), which is envisioned to be a potential keyomplexity and analog circuitry. Fig. 5 confirms that in the
enabler of the future 6G [48]-[52]. case of symmetric traffic, the MDD exhibits a substantially
More explicitly, let us firstly consider theL-ary PSK reduced PAPR compared to the HD and IBFD modes.
constellation of{s' = exp(j#£1)}/,. The peak power of the  |n realistic cellular networks, however, typically asymmetric

time-domain OFDM sample of(n) = \/—%fo:_ols(n)wf{,” traffic is encountered, where the UL-to-DL traffic ratio is
is reached, when modulating all subcarriers p3(x) = commonly reported to be 2:8 or even 1:9 [60]. Therefore, the
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. ) . Fig. 6: The dynamic range of the Analog-to-Digital Converter (ADC)
Fig. 5: PAPR Comparison between the OFDM aided HD, IBFD &g the receiver (Rx).

well as MDD.

70 [ h R A AT MRS A~ A
i . . o -5 SIONR o 45 ]
MDD is even more favourable in terms of energy-efficiencys 60 ;| - SONR T 4ol B SInR h
in these scenarios, where the UL only has to activate a sma§, ., | S o [ SR B
portion of the OFDM subcarriers. This results in substantiallys | &% ol ]
reduced power consumtion for the MSs having a compact 40[ o 1
form-factor MSs. Nonetheless, without diverting from the § 5,1 e E®p g
specific focus of this work, we set aside the MDD study ofS, | g 20r R
asymmetric traffic for our future work. o 2 S iz‘f ]
2 eos A 1 bit effective | < 6.H%A5C bitwidth <9
B. Dynamic Range of ADC .01"“\“‘\‘(613\9?!“\'\'"% ol
. . 6 7 8 9 10 11 5 7 9 11 13 15
In order to address the dynamic range of the ADC in Q (bits) e (M)

the presence of strong Sl in the FD modes, let us conside;

. =6 — 11 bits, d = b) Q = 8 bits, d =5-1
the transmit power oy, = 22 dBm as well as the ULA Iiég Q7 (E:iompar'lssonpti; e5er|: the(A)\DQC d8 n;;'cP:ngeg)thatE)Z domi
_ _ o ig. 7: i W yi i i i-
parameters oti = 10\ and ¢ = 160” at both the nodes. nated by the Sl-to-Quantization Noise power Ratio (SIQNR) and the

The carrier frequency i = 30 GHz. The two nodes are effective ADC dynamic range of the desired Signal-to-Quantization
separated bylpop = 5m. The beamforming gain is assumea\oise power Ratio (SQNR).

to be Ggr = 20 dB. As a result, first of all, the received

SI power is given byPR] = Pr, — G¥spy + Gor =  substantially lower than the SIQNR. More explicitly, Fig. 7(a)
22 dBm — 20log,((407) dB + 20 dB = 0 dBm, where eyigences that when provided with < 7 bits, the effective
the FreeA;S(EJace Path Loss (FSPL) is evaluated:B¥%», = ADC bitwidth available for the desired signal falls even below
201og,(=3%) dB. Similarly, the received power of the desired| pit Moreover, Fig. 7(b) further demonstrates that when the
signal is given byPy, = Pr, —Giigp; +Gpr =22 dBM—  geparation distance grows beyodgsp > 11m, the effective
201og,o(47%E22) dB 420 dB = —34 dBm. As a result, the SI SQNR once again falls below 1 bit. Therefore, it is of crucial
is PRl — Py, = 34 dB higher than the desired signal, whichmportance to mitigate the Sl before the signal enters the
is more than 2000 time different in power strength. ThereforaDC, so that the signal detection of the FD mode satisfies
the rule-of-thumb ADC dynamic range 6102Q) dB is deemed the realistic requirements.

to be completely dominated by the SI, whetk refers to

the ADC resolution bits, as portrayed by Fig. 6. As a resul, Beamforming with Null-Space Projection

the Sl-to-Quantization Noise power Ratio (SIQNR) may be

approximately represented QN = 6.02Q) = 48.2 dB, nication, the LoS Sl can be completely eliminated by creating

assuming &) = 8 bits ADC resolution. .__anullin the Sl direction, as portrayed in Fig. 8. This problem
Secondly, let us proceed to evaluate the ADC quantization : o :
) i ST can be formulated by adding a null-space projection constraint
noise power according tBgy = Pp, —6.02Q = —48.2 dBm. . . L )
! S . tg the beamforming gain maximization problem as follows:
As a result, the effective ADC dynamic range for the desire . S . )
Problem 1: Maximize the beamforming gains over all the

signal s defined by the Signal-to-Quantization Noise POWEL ltipath components, while nulling the strongest component
Ratio (SQNR) asSQNR = P}, — Pon = 14.2 dB, which p P , g g p

In the inherent beamforming structre of mmwWave commu-

. o f S, i.e.
corresponds to a substantially reduc@d= SQNR/6.02 = ° € N
2.4 effective ADC bitwidth, compared to th@ = 8-bit ADC !
resolution provided. w max W= > IWAHP Wl + [wiEH wa |,

=0

Fig. 7 portrays the ADC dynamic ranges according to the
o P 4 4 J J s.t. wiH'wy = whH?w, =0, (20)

above evaluations, where the effective SQNR is shown to be
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Half-Duplex (HD): Algorithm 1 The P-IEVD Scheme.
e 7] Require: Randomly chosen unit-norm receive beamforming
. Maximize Beamforming Gain . vectorw,; and maxiterations.
Node 1| » * |Node 2 while & < max iterationsdo
!§ % 1 Compute the Eigenvalue decomposition  of

P () (S By wriw S HY ) P, ()
- : and set the principal Eigenvector 0, ;.
Full-Duplex (FD): 2 Compute the Eigenvalue decomposition  of

s _ TG, Ne VI P v, (HE )W W Py, (H ) HI
ﬁaxmze Beamforming Gam% and set the principal Eigenvector to, .
! i 3 ki=k+1.

Node 2 end while
f o000 g E ..IE

(Rx) (Rx)

Fig. 8: Schematic descriptions of beamforming aided Half-Duplek@logous to the Iterative Eigenvalue Decomposition (IEVD)
(HD) and Full-Duplex (FD) schemes, where the null-space cancallifg8]. The proposed Projection aided IEVD (P-IEVD) is pre-

><
NN

Node 1

is imposed for the Self-Interference (SI) in FD. sented in Algorithm 1. Note that IEVD [38] can be viewed as a
special case of the proposed P-IEVD, and P-IEVD reduces to
where{w,;}2_, and{w,;}2_, are unit-norm vectors. IEVD when the projection matrix becomes an identity matrix

The problem in (20) is non-convex. What is even worse R P, (Hy') = INgj' ) .
that the optimization variables associated with both the noded\Ote that a few iterations are sufficient for the convergence
are inseparable. Hence we simplify this problem as follows?f Algorithm 1, as it will be shown in the next section.
Problem 2: Maximize the beamforming gain over each nodEurthermore, the P-IEVD requires full CSI for obtaining the

separately, while nulling the strongest SI component, i.e. optimal transmit and receive beamforming vectors. Acquiring
full CSI would impose significant overhead owing to the large

number of channel coefficients to be estimated. We adopt
a training based approach for implementing our P-IEVD,
which is described in Algorithm 2. The proposed training
where (i, j) € {(1,2),(2,1)}. To elaborate, the constraint inbased P-IEVD amalgamates the channel estimation and the
(21) may be satisfied by the right null-space projection &gamforming vector design procedures, which avoids the

N.—1
Hyyt 2 JJ —
max |ws H wy;|°, s.it. Hf wy; =0, (21)
Wi Wt j =0

follows: B overhead involved in acquiring the CSI explicitly. Specifically,
Proposition 1: In order to arrive atH}'w,; = 0, the the proposed training based P-IEVD exploits the channel's
transmit beamforming vector is generated by: reciprocity and the low-complexitpower method® of [61]
TN for computing the principal Eigenvector. Furthermore, the
Wij = P (Héj)wtj7 (22) P 9 P P g

convergence behaviour of Algorithm 2 is the same as that of
whereP v, (-) € CN%*Nu is the right null-space projection Algorithm 1, as it will be shown in the next section.
matrix, while w,; € CM#*! is an arbitrary vector that

is chosen for maximizing the beamforming gain of (21)y Ajternative S Cancelation Architectures

Moreover,{N,; > N, }2_, is required. . » . .
M sYim a The feasibility condition off N;; > N,;}7_, is imposed in

Proof. According to (22), we have: Problem 2. In order to adapt to different MIMO setups, we
. . U T briefly discuss alternative architectures in this section.
Py, (HY) =Ly, — (H)" {H%j (H%J)H] Hy’. (23)  First of all, in contrast to (21), the problem in (20) can be
iy iy iy simplified as follows:
As a result, the constraitily’ we; = Hg' Py, (HY )Wy; = 0 Problem 4: Maximize the beamforming gain over each node

is guaranteed, regardless of the valueswipy, provided that separately, while nulling the strongest component of Sl, i.e.
the right null-space ofH}’ is non-empty, i.e. we hate

JJ i N,.—1
Nr(HY) # ¢, which translates tav,; > N,;. O _max Z wHH w2, st. wiHi = 0, (25)
Therefore, the problem in (21) may now be reformulated as " =0
follows: o . . where(i, j) € {(1,2),(2,1)}. In order to arrive at a non-trivial
Problem 3: Maximize the beamforming gain over each nodg; . the feasibility condition in (25) requires that the left null-
separately, while ensuring that,; = P, (H} )Wy, i.e. space ofHZ be non-empty. Thus, we nebdA7 (HE) #
N.—1 #}7_, , which translates td Ny; < N,;}2_,. Assuming that
max Y |WAHP, (H )w,,[>. (24) the feasibility conditions are satisfied, the problem in (25) can
WrisWti 120 be equivalently written as follows:

Although the optimization problem in (24) is non-convex, 3Given anm x m matrix A, its principal Eigenvector can be obtained by

a local optimum can be found by employing an algorithiomputingAXe; /| A% e, | for sufficiently large K, wheree; is the first
column ofm x m identity matrix.
2NRr(A) represents the right null-space Af. 4N (A) represents the left null-space 4f.
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DRAFT 9
Algorithm 2 The training based P-IEVD Scheme. TABLE IV: Simulation parameters.
Require: Randomly chosen unit-norm receive beamforming Carrier frequency 30 GHz
vectorw,; and maxiterations. OFDM subcarriers 64
while k& < max_iterationsdo ULA geometry d = 10X andd = 160°
. . HypisH  (Nej . Channel model Frequency-selective mmWave channgls
1 Obtain {z(t) = €t H, Wrise=1 for N, MPC delay distribution| Uniform over[0, 1, -, D]
{0,1,..., N.—1} by using training sequencée: },_‘1 MPC maximum delay | D = 8
for Ny; slots, wheree;, € CNt>*1 denotes thet-th MPC clusters N. =5
column of the identity matri~,,. Then we arrive at MPCs per cluster Nray =8
the noise-contaminated estimationzmf= H’  w..;. MPC distribution CN'(0, 1) with AoA and AoD
2 Compute R N Ne—1,  H R . AOA/AoD distribution | Laplacian
pute I - Za=o A% eff T AoAJA0D means Uniform over [0, 2x)
Py, (HfJJ)R”KPNR(H{JJ), and Wy, = AoAJA0D variances 0 = 04 = 5°
Ry e/[Rge
3 Obtain {z(r) = erH/wy}.ry for | N -4~ TDD mode: IEVD
{0,1,..., N.—1} by using training sequencés. } "} -4 TDD mode: IEVD Training
for N,; slots, wheree, € CN*! denotes ther-th 100 <~ P-IEVD , -©- IBFD/MDD modes: P-IEVD
- o7 . X t| - P-IEVD Training (K=2)| | -@- - p. ini
column of the identity matridy,,. Then we arrive at 90 raining ( A @ IBFD/MDD modes: P-IEVD Training
the noise-contaminated estimationzf= H;’w,;. c 80l b c 8ol
R — Ne—1_ -H _ ‘© o™ | et T H
4 CE?T(piute }:{;“JK, = o #ziz; and wp; = O 0F §F g\ g 2 g
RY" & /|R" &l 2 60 g 6o
Sk:k+1 % 50 g 50; _
. [ j 5 [ ]
end while £ aol 5 2wl b
o sl ) g 30 [ P-IEVD Training:
o . . r i K=2, SNR=8dB 1
Problem 5: Maximize the beamforming gain over each node 20 20 ' 5
separately, while ensuring that? = wZ P, (HY), i.e. 10 t 10 1
fo YEoE Vi WP S W i, o@— Ll
Ne—1 3 0 1 2 3 4 5 0 1 2 3 4 5
—H i ij 2 . .
nax Z [w,: Pa, (Hy ) HY wej| 7, (26) Iterations lterations
T =0 (a) TDD (b) TDD, IBFD and MDD
where the projection matrix that projects on to the left nulig- 9: Variation in the beamforming gains as a function of
space ofHY is given by: iterations in TDD, IBFD and MDD systems haviny;; =

B B - 1 B Nio = 8, NT1:NT2:4andpii:15 dB.
Py, (Hy) =Ly, — Hy [(Hy)"HG]  (H)".  (27)
Alternatively, the problem in (20) can also be simplified al is readilty seen that the optimization problems in Problem 5
follows: and Problem 7 can be similarly solved by employing the
Problem 6: Maximize the beamforming gain over each nodB-IEVD algorithm. Table Ill summarizes the optimization

Separa[e|y, while nu||ing the strongest component of Sl, i_eproblems and the feasibility conditions associated with the
various S| cancellation architectures.

N.—1
H 12 2
max w, i H; "W 28
W1, Wi2 ; Wi Hy wial”, (28) IV. SIMULATION STUDIES
Ne—1 Simulation scenario: In all our simulations, both the nodes
max Y [whHH wi |, are assumed to have= 10\ and¥ = 160°. The frequency-
W 95, selective mmWave channel is assumed to Have 8, N, = 5,
st. wiHZ? =0 andH}'wy = 0. Nray = 8 andog = 04 = 5°. The number of subcarriers in

. o .. each OFDM symbol is assumed to be 64. The parameters are

In order to arrive at non-triviatv,, and wy;, the feasibility ¢, mmarized in Table IV.
condﬁtion in (28) requires that the left null-space lf? and' The beamforming gains achieved by the proposed P-IEVD
the right null-space oH;' be non-empty. Thus, we requiregye portrayed by Fig. 9. We note that as discussed in Sec. II.C,
NL(HF?) # ¢ and Nr(Hp') # ¢, which translates tViy > the proposed P-IEVD subsumes the IEVD of [38] as a special
Nri and Niy < Np2. As a result, the problem in (28) can b&ase  where the projection matrix for the TDD mode is
equivalently written as follows. _ _ simply the identity matrix. Fig. 9 demonstrates tHgt= 2

Problem 7: Maximize the beamforming gain over each nodferations are sufficient for the convergence of the proposed
separately, while ensuring that/, = W53Py, (H3?) and p_Eyp algorithms, and the performance of the training based
Wi = P, (H )Wy, ie. algorithm improves as the SNR increases. Furthermore, it is

N.—1 evidenced by Fig. 9(b) that the beamforming gain of the TDD
max > [wAH?ws/?, (29) mode is higher than that of the FD modes of IBFD/MDD,
W 20 owing to the fact that the HD TDD mode does not need to

Nc—1 perform null-space LoS Sl cancellation, as depicted earlier in

max Z [WELP N, (H)H' P, (HYY)Wia|?. (30)  Fig. 8. On one hand, the TDD mode indeed benefits from a
W 2, higher degree-of-freedom on beamforming gain. On the other
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TABLE lll: Summary of the optimization problems and the feasibility conditions associated with various S| cancellation architectures.

Optimization problem Feasibility condition
MaXw,.; Wi {\LC(TI ‘WngJPNR(H%j)Wtj‘Q- Wi = PNR(ng)Wtjy N1 > Nyp1, Ni2 > Nya.
MaXw,.; w,; {\’:“(;1 |WﬁPNL (HE’f’)H;jwth. wfi = WZPNL (Héi),Ntl < Ny1,Nt2 < Npa.
MaXw, ) iy 30 | W H Wl wih = WP (HY), wi = Py (Hy )W,
maxw,, w, S |WisPay (HE)HP Py, (H )W 2 N1 > Nra, Nea < Nia.
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Fig. 11: Average bandwidth efficiency in TDD and MDD
systems havingV;; = Ny = 8, N,y = N, = 4 and
Fig. 10: The LoS Sl power as a function of iterations in TDD, IBFD

Iterations

and MDD systems havingVy; = Ny = 8, Np1 = N2 = 4 and g | —*— Nodel (Nt1=4) 10 | “©- Nodel (Nr1=4)

pii = 15 dB. N —k— Node2 (Nt1=4) N —>¢ Node2 (Nr1=4)
L 9] -©O- Nodel (Nt1=8) L 9] ..e- Nodel (Nri=6)
5 g | “» Node2 (Nt1=8) 2 g | »k Node2 (Nr1=6) &
o 8 :

hand, compared to the FD modes of IBFD/MDD, the TOD - [ ® = 7. /

mode is a HD scheme that requires guard interval, Wrﬁi:h6 i A < 6L

degrades its overall bandwidth efficiency after normalizat'@‘n. - 1 :8 -

This issue will be addressed later in this section. = or 1 E °r

The LoS SI powel|w Hiiw,|? seen in (1) is examines *[ 1 s 4

for the proposed P-IEVD in Fig. 10. First of all, the IEV§ 3 7 % 31

aided TDD scheme of [38] does not deal with the SI. Thege- 2 - 5 2 2-

fore, during the signal transmission of one link, the signal §- 1 [- N S 1k

ception for the other link has to be postponed in order to avoid g g™ ] oS- 111

encountering a high Sl power, as seen in Fig. 10. Secondly, -15-10 -5 0 5 10 15 20 -15-10 -5 0 5 10 15 20

Fig. 10 confirms that aftekl = 1 iteration, the proposed P- SNR(dB) SNR(dB)

IEVD aided IBFD/MDD arrangements successfully adjustie,,={4,8}, Nyo=4,N,1=N,2=2 () Ni1=Ny2=8,N;1={4,6},N,o=4
beamforming weights for completely eliminating the LoS Sﬂ:ig. 12: Bandwidth efficiency in MDD systems having sym-
power, where the training at different SNRs dqes not affect thestric and asymmetric MIMO setups.

Sl mitigation. We note that upon ensuriftgy 2 Hw; ||> = 0,

the LoS Sl term is completely eliminated from the received

signal in (1), which is delivered to the ADC without anyinvoked for our bandwidth efficiency comparisons in the rest
contamination by the strong LoS S| power. Nonetheless, wéthis section. Moreover, without ambiguity, the terminology
will proceed to demonstrate that the NLoS Sl seen in (1) may “bandwidth efficiency” is quantified for each node, as
still degrade the performance of IBFD, which is avoided bgresented in Sec. I, while “average bandwidth efficiency”
the MDD design, thanks to its beneficial orthogonal subcarriggfers to the overall metric that is normalized by the number
division duplexing. of nodes.

Fig. 11 demonstrates that the training based P-IEVD schemérig. 12 studies the effect of both symmetric and asymmetric
of Algorithm 2 exhibits a bandwidth efficiency degradation iMIMO setups. It can be seen in Fig. 12 that the symmetric
the low-SNR region, owing to the fact that the CSI estimatiomaffic is recorded for the symmetric MIMO setup 6f; =
required by beamforming is contaminated by noise. Noneth®3;, and N,; = N,,. Furthermore, when a higher number
less, it is confirmed by Fig. 11 that the training based P-IEVDf TAs is employed at Node 1 a¥;; > N,s, the bandwidth
algorithms perform close to their ideal P-IEVD counterparts @fficiency is improved at Node 2, as shown in Fig. 12(a), owing
Algorithm 1, as the SNR increases. Without loss of generalityy the improved beamforming gain. Moreover, Fig. 12(b)
the P-IEVD scheme associated witih = 2 iterations is demonstrates that increasing the number of RAs at Node 1
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carrier allocation of (14) improves the MDD performance.
Secondly, owing to the guard interval, the TDD mode becomes
inferior to the MDD mode after normalization, despite the
fact that the TDD mode achieves a higher beamforming
gain. Thirdly, although the IBFD endeavors to exploit the
frequency-time resources to the fullest possible extent, its
Sl-contaminated performance is only advantageous, when a
sufficitly high SNR> 30 dB is provided.

V. CONCLUSIONS

We have proposed a FD scheme for frequency-selective
mmWave channels. In order to mitigate the detrimental effects
of Sl imposed on the ADC dynamic range, the novel P-IEVD
and its training based counterpart were proposed, where the
nullspace Sl cancellation is intrinsically amalgamated with
the beamforming structure of mmWave communication. Our
simulation results demonstrate that in addition to the substan-
tially reduced PAPR of signal transmission, the MDD mode

T T T T
14

12
L p1=p27=15dB

10

_ [1]

Average Bandwidth Efficiency (b/s/Hz)
o]

6
4 _
: [2]
2 —
0 |
415 <10 -5 0 5 10 15 20 25 30 [3]
SNR(dB)

_ (b) pii = 15dB _ [4]
Fig. 13: Average bandwidth efficiency in TDD, IBFD and
MDD modes in a system having/;; = Ny = 8, N,y =
N,2 =4 andp;; = {5,10, 15,20} dB. The guard interval for
the TDD is configured tq1/14,12.5%} for LTE-A and IEEE
802.11ad.

(6]

as N,1 > N, results in an improved performance recorded
at Node 1. v

Finally, our performance comparison between TDD, IBFD
and MDD is offered in Fig. 13. The guard interval of the TDD [8]
mode is configured to 1/14 for LTE-A and 12.5% for IEEE
802.11ad. We note that in a variety of systems, the guard inter-
val may be further increased in order to increase the coveraf#
area. For example, the guard interval for IEEE 802.11ac and
DVB-T may be as high as 20% and 25%, respectively, whigky,
are not included in Fig. 13(b) to avoid obfuscation.

It is evidenced by Fig. 13(a) that the performance of IBFJ?H]
degrades as the power of NLoS SI of (1) increases. To
elaborate, our proposed P-IEVD algorithm only eliminates the
LoS Sl of (1). As a result, the residual NLoS Sl imposes di?]
increased noise power on the IBFD signal detection in (18)g
By contrast, the MDD assigns separate OFDM subcarriers to
different links. Therefore, the MDD signal detection in (16) is
“clean” and free from SI. [14]

Fig. 13(b) demonstrates that first of all, the dynamic sub-

is capable of outperforming both of its HD TDD and IBFD
counterparts in dispersive mmWave channels, as summarized
in Table V based on Fig. 13(b).
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