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Abstract—Continuous-variable quantum key distribution (CV-
QKD) maps information onto the quadrature components of
electromagnetic waves, so that off-the-shelf wireless transceivers
can be utilized. This motivates the move from optical to Terahertz
(THz) bands. However, wireless THz channels suffer from severe
path loss, while the mobility of wireless users imposes doubly
selective fading. Against this background, we propose a new CV-
QKD regime that relies on hybrid beamforming (HBF) assisted
multiple-input multiple-output (MIMO) orthogonal frequency
division multiplexing (OFDM) and orthogonal time frequency
space (OTFS) system, where the channel’s transmissivity and
robustness against double selectivity are overcome by HBF and
OTFS, respectively. Secondly, in order to provide channel state
information (CSI) for both the transmitter (CSI-T) and receiver
(CSI-R), practical channel estimation methods are conceived.
They operate in the time-frequency domain for OFDM and
in the delay-Doppler domain for OTFS. Thirdly, soft-decision
detection is devised for our MIMO OFDM/OTFS aided multi-
dimensional reconciliation (MDR) scheme. Low-density parity-
check (LDPC) coding is invoked for further improving secure
CV-QKD transmission distance in the THz band. Our simulation
results demonstrate that the proposed HBF MIMO OTFS-based
CV-QKD system relying on realistic estimated CSI is capable
of achieving an adequate secret key rate (SKR) and secure
transmission distance in hostile doubly selective THz channels.

Index Terms—Orthogonal frequency division multiplexing
(OFDM), orthogonal time frequency space (OTFS), low-density
parity check (LDPC), continuous variable quantum key distri-
bution (CV-QKD), multiple-input multiple-out (MIMO), hybrid
beamforming (HBF), Terahertz (THz), secret key rate (SKR).

I. INTRODUCTION

Quantum key distribution (QKD) is capable of supporting
ultimate information security in communication systems [/1]—
[7] thanks to the capability of eavesdropping detection based
on the no-cloning theorem and Heisenberg’s uncertainty prin-
ciple. Continuous variable QKD (CV-QKD), leveraging either
homodyne or heterodyne detection, has attracted substantial
attention from both academia and industry due to its conve-
nient compatibility with the operational optical and wireless
network infrastructures [2]], [8]]. It is also capable of providing
higher key rate than its discrete variable QKD (DV-QKD)
based counterpart [9]-[12]] Furthermore, to meet the explosive
data-rate demand of next-generation communication systems,
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the Terahertz (THz) band has also been explored for CV-
QKD [13]-[18]. As a further advance, multiple-input multiple-
output (MIMO) techniques have been adopted in [19]]-[22] for
improving the secure transmission distance limited by the high
path loss of the THz band. Furthermore, the classic orthogonal
frequency division multiplexing (OFDM) waveform used in
both 4G and 5G, has been utilized to support CV-QKD in the
THz band in order to mitigate the detrimental multipath effect
of wireless channels [23]-[32].

Table [l summarizes the state-of-the-art of CV-QKD
schemes, with a emphasis on harnessing OFDM to improve the
secret key rate (SKR) in wireless THz channels. An OFDM-
based CV-QKD scheme was proposed for a benign optical
fibre channel and both its security level and the SKR were
investigated in [23]-[27]], [29], [31]. It was demonstrated that
OFDM enhances both the maximum key rate at a given dis-
tance and the overall maximum secure transmission distance.
Furthermore, an OFDM-based CV-QKD free-space optical
(FSO) link was established in [28]], [32], where its SKR was
analysed. Additionally, the authors of [30] analyzed the SKR
performance of an OFDM-based CV-QKD scheme operating
in the THz band, considering both indoor environments and
inter-satellite links. However, all these OFDM-aided CV-QKD
schemes assume time-invariant fading channels in stationary
scenarios, which is unrealistic. In practice, the user mobility
induces Doppler effects, leading to time-varying frequency-
selective fading channels, which is a typical high mobility
scenario in space-air-ground integrated networks (SAGIN)
[21-[4]], [33]. More specifically, the higher the mobility in the
SAGIN scenarios, the more dominant the effect of Doppler
spread, which will cause hostile doubly selective fading. This
hostile channel destroys OFDM’s subcarrier orthogonality and
degrades its performance. To address this issue, orthogonal
time frequency space (OTFS) modulation has been proposed
for classical wireless communication in time-varying and
frequency selective fading channels [33]|-[41]. In light of
this, an analog beamforming (ABF) MIMO OFDM/OTFS
based and low-density parity-check (LDPC) coding assisted
multidimensional reconciliation (MDR) CV-QKD system was
conceived in [42] for transmission over doubly selective fading
THz channels. It was demonstrated [42] that the OTFS-based
system offers higher SKR and longer secure transmission
distance than its OFDM-based counterpart in both stationary
and mobile (v = 30 mph) scenarios.

Against this background, the following key questions arise



TABLE I: Novel contributions of this work in comparison to the state-of-the-art THZ CV-QKD schemes.

Contributions

[ This work | [23]-[27]

Optical fibre

. 1291, (31) [ BO] [ 1281, 321 [ 115 (171 [ 1191 [ 1221 [ 1421 |
v

FSO

v

Terahertz

v

SISO

v
v v v

MIMO

Analog beamforming

Frequency selective

AN

Time-invariant fading

NEN
NEN

ANERENENEREN
ANERENENENEN

Time-varying fading

OFDM

SN ENENENENENENENEN

OTFS

SVD

SNENENENENENENENENENEN

Channel estimation

for the multi-carrier based CV-QKD system design consider
in the face of time-varying and frequency selective fading
scenarios:

(0-1) System modeling: How to design the reconciliation
scheme of a CV-QKD system facing doubly selective
fading?

(0-2) Channel Estimation: How can we incorporate channel
estimation techniques into the CV-QKD system consid-
ered?

(Q-3) Reconciliation: How can we embed an LDPC-coded
reconciliation scheme into a QKD system?

Against this background, as a further improvement of the
ABF-assisted MIMO OFDM/OTFS CV-QKS system, hybrid
beamforming (HBF) is proposed, which requires that full
channel state information (CSI) is provided at both the trans-
mitter (CSI-T) and the receiver (CSI-R). In light of this,
a variety of channel estimation methods are conceived for
MIMO OFDM/OTES in order to provide CSI-T and CSI-R
for HBF. As demonstrated by Table [ the novel contributions
of this work are as follows:

o Firstly, in answer to (Q-1) multi-carrier OFDM and
OTFS based LDPC assisted CV-QKD reconciliation
schemes are designed and investigated in time-varying
and frequency-selective THz fading channels, where a
new HBF technique is conceived for improving the
OFDM/OTFS based quantum transmission distance at-
tained in the face of severe THz path loss.

« Secondly, with regard to (Q-2) MIMO-aided OFDM and
OTFS channel estimation techniques have been conceived
for both the time-frequency (TF) domain and for the
delay-Doppler (DD) domain. It is demonstrated that under
the idealistic simplifying conditions of perfect CSI, the
beamforming gain provided by sufficiently large number
of antennas allows OFDM and OTFS perform com-
parably, even in doubly selective fading environments.
However, the OFDM-based system relying on realistic
channel estimation only performs adequately in stationary
scenarios, since it suffers from a high error-floor in
mobile scenarios. By contrast, our proposed OTFS-based
system is capable of performing well in both stationary
and mobile scenarios.

o Finally, as to (Q-3) based on OFDM and OTFS mod-

ulation, soft-decision detection is devised for CV-QKD
MDR and then LDPC decoding is invoked for further
improving the secure CV-QKD THz transmission dis-
tance. Our analysis and simulation results demonstrate
that the proposed HBF scheme is capable of improving
secure CV-QKD transmission for both OTFS and OFDM
in comparison to the existing ABF schemes. Furthermore,
our performance results also evidence that the proposed
HBF MIMO OTFS-based CV-QKD system relying on
realistic estimated CSI is capable of outperforming its
OFDM counterpart both in terms of SKR and secure
transmission distance.

The rest of this paper is structured as follows. Our
OFDM/OTFS CV-QKD system is presented in Section [II}
which introduces the CV-QKD system model, the OFDM
and the OTFS quantum transmission. Then in Section
the HBF MIMO OFDM/OTFS CV-QKD system is conceived
as well as our improved soft-decision aided MDR decoding
conceived for doubly selective THz channels and the relevant
complexity analysis is detailed. The MIMO OFDM/OTFS
channel estimation algorithms of our CV-QKD system are
proposed in Section[IV] which is followed by the SKR analysis
in Section [V] Our simulation results are presented in Section
Finally, our conclusions are offered in Section

Notations: In this paper, bold uppercase A and lowercase
a denote matrices and vectors, respectively. For a matrix A,
Alm,:] and A[:, n] represent its mth row and the nth column,
while A[m,n| represents the element at the mth row and nth
column. For a vector a, a[m] represents its mth element. The
operation (-)* denotes the complex conjugate of a scalar or a
vector. The operations (-)~!, (-)* and (-)" represent the ma-
trix inverse, transpose and Hermitian transpose, respectively.
I denotes the Frobenius norm. The functions 9Re(-) and
Jm(-) extract the real and imaginary part of a complex value,
respectively. Additionally, diag(a) forms a square diagonal
matrix from vector a, and rem(a, b) returns the remainder of
a divided by b.

II. SYSTEM MODEL OF MIMO OFDM/OTFS BASED
CV-QKD
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Fig. 1: CV-QKD protocol diagram of OFDM/OTFS LDPC-
aided scheme [42], where the quantum transmission process
is indicated by the dashed-line thick arrow, while the solid-line
thin arrows represent the classical transmission process. The
detailed reconciliation procedures can be found in [43]].

In this section, the CV-QKD system model and the single-
input single-output (SISO) OFDM/OTFS based quantum trans-
mission process are briefly introduced [42].

A. CV-QKD System Model

The classic CV-QKD protocol [43] is portrayed in Fig. 1,
which mainly contains the quantum transmission part relying
on homodyne detection, and the classical reverse reconciliation
(RR) process. Note that the simple symdrome-based RR
scheme (System A) of [43] is considered in order to focus
our discussions on the OFDM/OTFS quantum transmission.
However, the other reconciliation schemes of [43] are also ap-
plicable to our proposed multi-carrier based CV-QKD system.
More explicitly, the operational steps of Fig. |l| are detailed as
follows:

(a) Alice prepares the Gaussian distributed random variables
s/s of block (1) and maps them to subcarriers. Then
transmits them with the aid of the OFDM/OTFS TX
of block (2) through wireless THz quantum channels
(Qqu which is denoted by the dashed-line thick arrow
in Fig. [1]

(b) Bob equalizes the received signals based on the
OFDM/OTFS RX of block (3) for obtaining the noise-
contaminated decision variables z/z at the output of
block (4).

It is widely acknowledged that particle-like behaviour of photons is
gradually eroded in the THz radio-frequency (RF) band, where predominantly
wave-like behaviour prevails [[18]]. However, sufficient non-zero SKR was still
heralded in [18]. Hence a RF THz channel is considered in our treatise.
Furthermore, homodyne THz detectors [17], [18] are assumed to be used
directly in our scenario, which is different from the THz-to-optical converter
based homodyne detection of [15].

TABLE II: OFDM and OTFS notations.
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Fig. 2: System diagram of OFDM transmission scheme.

(c) In the sifting step, Alice and Bob synchronize their basef]
in blocks (5) and (6) for MDR processing. Hence they
only retain those reconstructed Gaussian variables, where
the same bases were used.

(d) In the RR step, Bob first generates a random bit stream b
based on the quantum random number generator (QRNG)
of block (18). Then it maps the modulated binary data u”
to the normalized random variables Z’, seen at the output
of block (14) based on the mapping function M (%', u?)
agreed by both Alice and Bob as seen at the output of
block (16).

(e) Alice applies the agreed MDR function M(%',u”) in
block (15) for obtaining a noisy version u” of Bob’s
modulated data based on the output § from block (13)
combined with the output M(%’,u”) of block (16).

(f) Then the LDPC syndrome s” generated based on the key
b, is sent from Bob to Alice over the classical channel
(CIC) for LDPC decoding in block (17) in order to obtain
the reconciled binary key b.

(g) Then the privacy amplification of blocks (9) and (10)
randomly drop some of the reconciled bits to reduce
Eve’s chances of perfectly guessing the key. After privacy
amplification, both Alice and Bob obtain the negotiated
keys, which are stored in blocks (11) and (12).

B. OFDM/OTFS based Quantum Transmission

In this section, the OFDM scheme of Fig. and the
OTFS scheme of Fig. [3] are briefly introduced for quantum
transmission over wireless THz channels [42]]. The OFDM and
OTFS notations in the time-domain (TD), frequency-domain
(FD) and DD domain are summarized in Table

1) OFDM based quantum transmission: As portrayed by
Fig. 2] the OFDM transmitter maps the data-carrying symbols
to the nth OFDM symbol in FD as §, € CM*! and then
they are transformed to the TD as s,, € CM*! via the inverse
discrete Fourier transform (IDFT). The received TD signal can
be expressed as [42]:

L—-1

Yn,m :ﬁ Z hn,m,l (sn,<mfl>1\/[ + sOn,<mfl>]\/j) +Vv1-— TsEn,m7
=0
()]
2Note that homodyne detection is used in our proposed scheme, where

either the in-phase or quadrature components is retained based on the bases
they agreed.
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Fig. 3: System diagram of OTFS transmission scheme.

where 7' represents the channel transmissivity, Ay, »,; models
the faded channel impulse response (CIR) from the /th time de-
lay line (TDL) tap, with L representing the maximum TDL tap,
and sg,, and sg represent the preparation thermal noise and
the additive white Gaussian noise (AWGN) introduced by Eve
to extract the key information [19], respectively. The received
TD signal can be denoted as y,, = [¥n,0,Yn,1;-- -+ Yn,M—1]
in matrix form and is transformed into the FD by discrete
Fourier transform (DFT) as follows:

Y. = FIWYn = \/Tﬁngn + Vi, (2)

where Fj; € CM*M denotes the DFT matrix. Furthermore,
H,, represents the faded CIR in FD and can be expressed as
H, =FyH,F¥ and v, = VTH,5, + V1 — TSg,.

2) OTFS based quantum transmission: As portrayed by

Fig.[3] the OTFS transmitter modulates a total nAl/}mPer of NM

symbols in the DD domain as {{gkyl},iv;ol}

transformed into the FD as 5,, 7 via the invelfse symplectic
finite Fourier transform (ISFFT), where n, m, k and [ refer
to the symbol index, sample index, Doppler index and delay
index, respectively. Then, an IDFT operation is applied to the
FD signal 5, m, hence the TD signal is generated as s, .
Accordingly, the received TD signal can be expressed as [42]]

, which is

T Ep [n(MA+Mep)+m—1Lp]
Yn,m = E hP A;N r P Sn,<m—lp>n + Un,m,

p=0

33)
— kp[n(M+M, -1
where we have vy, ., = VI') 5201 hpr?[N”( tMep)tm=lp]

SO,n,<m—lp>M + v 1- TSEn,m and w;?E\TfL(A{JFNICP)JFmilp] =
exp {7 [(27ky [n(M + Myy) +m —1,]) /(MN)] ). Upon
comparing Eq. (I)) and Eq. (3), we can see that a total number
of P paths fall into L resolvable TDLs, i.e. P = 7' P,
and there are P, paths in the [th TDL tap given that each
path has different Doppler spread. Furthermore, h, and M,
represent the fading gain and the length of the cyclic prefix
(CP), respectively. To elaborate further, Fig. ] demonstrates
the relationship between the paths and the TDLs, given that
L = 4. As seen from Fig. [4] there are 5 paths in total, with
one path Ay falling into the Oth TDL, two paths hy, ho falling
into the 1st TDL with different Doppler indices, and another
two paths iLg,iL4 falling into the 3rd TDL with different
Doppler indices. Following this, the received FD signal 7, 7
is obtained by the DFT, and thereafter the DD domain signal
Yk, can be generated by using the symplectic finite Fourier
transform (SFFT) operation on ,, 7.

In summary, the input-output relationship of OTFS with a
single CP added to the entire frame can be expressed in the
following matrix form:

y =VTHS + ¥, “4)

>
E

PA

Fig. 4: The illustration of the relationship between the paths and
TDLS, where L = 4, Po = 1, P1 = 2, P2 = 0, P3 = 2.

where ¥ € CMN>1 and the xth element of ¥ is given by

y[k] = Yy, where k = |{7], [ = & — kM. Similarly, the
kth elements of § € CMN*1 and of v € CMN*1 are given
by s[ | = Sk, and V[k] = Uy, respectively, where v =
\/> THsy++/1 — T'sg. Moreover, the DD domain fading matrix
H ¢ CMN*MNis time-invariant and sparse, where the non-
zero elements are given by H,, , = =h oL (k1 Ky, 1,), with T()
representing the DD index-based phase rotations [44].

III. PROPOSED HYBRID BEAMFORMING-BASED MIMO
OFDM/OTFS MDR-ASSISTED CV-QKD

Instead of the ABF applied in [42], HBF is proposed in
this paper, which requires that full CSI is provided, in order
to improve the performances. Therefore, in this section, both
the HBF-based MIMO OFDM and MIMO OTFS systems
operating in doubly selective THz channels are proposed,
which are followed by the proposed MDR decoding and
complexity analysis of our MIMO OFDM/OTFS CV-QKD
systems.

A. MIMO OFDM in Doubly Selective THz Channels using
Hybrid Beamforming

For a MIMO THz scheme using Np, transmit antennas
(TAs) and Ny, receive antennas (RAs), the TD fading matrix
is modelled by [33]], [45]:

Hn,m,l =V NTwNRw .
P—1

kp(nM+m—I1,
th 138 Jage (Orep)alty (Orsp), 1 =1

4)
where there are P, paths falling into the Ith TDL with the same
delay, i.e. I, = [, but different Doppler k,. We use uniform
linear arrays (ULAs) at both the transmitter and the receiver,
where the antenna response vectors are given by:

27rdb]n(9Tl )
1 [1 & 5 Y2l

\/NTI

2md sin(6py,
2 ; Ta,p)

aTz(eTz,p) = ) "

 (Npg—1)2mdsin(0pg p) 1T
e’ x ]

6



27d sin(0
32 Cro.p)
, € P

1 2mdsin(0Ry p)
[1, e A

7 o (NRI71)27T>\d sin(0 Ry, p) ] T7
@)
respectively. In Eq. (6) and Eq. A is the wavelength of
the signal and d = A/2 denotes the aperture domain sample
spacing. Thereafter, we adopt HBF for our MIMO OFDM
scheme operating in doubly selective THz channels under the
assumption that the CSI is available at both Alice and Bob.
In light of this, the analog beamformed fading channel is
formulated as:

Hn P = (WR:L’ RF)H Hn,mylWTz,RF’ (8)

where WTa:,RF c CNT$><N5 and WRLRF c CNwaNS
are constituted by Ny columns of Ar, and Apg, that
correspond to the first Ny largest channel gain of A,
respectively, while N, represents the number of the data
streams conveyed by each subcarrier. Furthermore, A, and
AR, representing the antenna response in matrix form are
given by Ap, = [ar.(014.0),ar: (0121),s -y a7 (012, P—1)]

and Ar, = [ars(OR2,0);8R2(OR2,1), s 8Rz(OR2,P—1)],
respectively. The analog transmit precoder (TPC)
and receiver combiner (RC) matrices Nsho%d satisfy
Ta s
{{HW“’RF[WJH = A=l } e
Rxz,RF 1\ VRe N
[ty

Therefore, the signal obtained by the receiver’s v-th RF
chain after analog combining is modelled as

Ne—1L-1

v RF,, v
Yn,m = ﬁ Z Z hn m, Z‘LSI: <m—I>)g +'Un,m: )
pn=0 1=0
where we have v, \/TZRgS_l hfiﬁ
S0‘L7:,<m—l>M + v 1- T'SE;,hm’ and hnn:f - Hnml[V ,U,]
The TD matrix form is given by
No—1
VT Y HEFsh v, (10)
n=0

v v v v T RE, —
where Yn = [yn,Ov yn,l’ e 7yn,M—1] ’ Hn [T’ C} -
RFy . 4 4
v, [ — / / .. oM T v _
n,r,<r—c>n’ Sp = [sn,O’ Sn,l’ ’ Sn,M—l] and Vn =
v v v T : :
(U3 05V 15> Uy ar—1)" - Then the FD received signal at the

v-th RF chain can be obtained by applying the DFT, yielding:

M-1
mm
ynm ZW

MlNé 10L-1

RF, v
\/7 Z Z Zhnmlusg <m-— l>]ww1\4 +Un,ﬁ'
m=0 pu=0 [=0
11
The FD matrix form is given by
&k
Vo =Fuy,=VT Y H, ""sh+v. (12

pn=0
where " € CMX;, s = Fyst € CMXL ¥ = Fyvl €
"RF .
CMx1 while H,, = FyH, "*Fil e ¢M*M jg no

longer diagonal in time-varying frequency-selective fading.
Following this, the full matrix form is expressed as
= VTH,"s

Sn + Vn, 13)

c CNsMxN,M c oNsMx1

B . —RF _
where ¥, € CNM*1 H , Sn

and v,, € CN=Mx1,

Based on Eq. (I3), the ABF performance can be further
improved by digital beamforming, which relies on the singular
value decomposition (SVD) as follows:

RF RFSRF RF

H, =U, =, (V, )",

€ CNsMxN,M

(14)

—RF
where both U,
umtary matrlces and the %

€ CNMXNM gpq VI are
D non-zero singular values of the
rank rf'P

matrix H,," can be expressed as follows:

OT‘ED X(N‘QM—T‘ED)

< RF _ dlag {g”l,h Sn,25 ey gn,'r'f:D}
O(NS]Wfrf;D)x(Ns]berf:D)
(15

2'IL 0
(NsM—rED)xrED

Based on the singular values in Eq. (I5), we retain the first
N F D singular values of ﬁ , which are no less than 0.1,
ie. gnnpn > 0.1 with nFD e [I,NEPLNED < rFP <
NsM. Then we apply water-filling (WF) to them. In light of
this, firstly, the average beamforming gain based on the NV SF nD
retained singular values can be derived as

Sn = NFnD Z FD=1 nnFD (16)

Secondly, the first NZP columns of VRF

and U are
exploited as the digital TPC matrix W o5 and RC matrix
WRLBB Tx,BB

n , respectlvely, ie. W, =V, F[' 1: NPl e

CNMxN7 and HWTw BBH NED  while VVR:Lc BB _

s,m 2

U 7% and ||[W — NFD.

Thirdly, the digital TPC matrices are updated based on the
average beamforming gain in Eq. (I6) for WF, which gives

W@zFBnB _ WTz BB |:dl ag {1’ i7 . 1 }] . (7
Sn.NFD

Sn,1 Sn,2

NFD] c cN: MxNT e BB

Therefore, at the transmitter, the data-carrying symbols are
modulated in the FD as X,, € C N7 x1 and then the subcarriers

are precoded as
T2, BB_

=Wwr, Xn- (18)

At the receiver, digital RC is applied to y,, of Eq. (I3)), which
gives
_ —Rz,BB\ 7 _ - ——Rz,BB\ H _
= (W) g, = VI + (W) v (9)
Therefore, the data streams are equalized in the FD as follows:
zZy = fn/fna (20)

which obtains raw key in the FD based on OFDM modulation.



B. MIMO OTFS in Doubly Selective THz Channel using
Hybrid Beamforming

As for OTFS based on the OFDM frame-wise CP structure,
the receiver’s v-th RF chain signal after the analog RC is
expressed as follows:

Ng—1L—-1
RFy, i p v
Ynm = VT Z Zhnml ScnMam—1>py T Vnm @D
pn=0 [=0
RF,
where Unm \/>Z = hnml 0<nM+m I>uN +

V1—="Tsgy, . After carrylng out the DFT and SFFT at the
receiver’s v-th RF chain, the DD-domain signal is given by

Ns—1P-1
— RF,, oy
yk,z—\/»Z Zh HTklkzml)dcIc>N<ll>M—H}’”’
p=0 p=0

(22)

where we have
H
By = NNy [ (W) an, (One,p)-
(23)

afl, (072, p) W | v, 4.

The DD-domain input-output relationship cast in matrix form
is hence given by

Ny—1
¥ =VT > HUFwgt 4,

24)

pn=0
where we have y* € CMN*1 y¥[k] = 7, s* € CMNX1
Fln = 5ep ¥ € OV W] = Bk = 5],
| = k — kM, HEFw ¢ CMNXMN, ﬁRF”*“[H,L] _

E,?F”‘“Tv(k,l,kp,lp). Furthermore, the full matrix form is

given by _
y = VTHE5 1+ 3,

CNSMNXI

(25
where y € HREF ¢ CN:MNxN.MN 5 ¢
CNMNx1 and v € CNMN>1_ Similar to its use in OFDM,

the SVD is applied to HRF, which gives
HAF — GRESRF(VREYH

CNsMNXN;MN

(26)

where both URF ¢ and VEF ¢
CN:MNXNMN are unitary matrices, and the r” non-zero
singular values of the rank 7”7 matrix H?¥ can be expressed

as follows:
diag {191, 192, ceey 19TDD}

SRF _
O(NSJVINfrDD) xrDD

0,00 (NsMN—rDD)
O(NSNINfrDD)x(NSMforDD)

27
Based on the singular values in Eq. (27), we take the first
NPP singular values of H*¥", which are no less than 0.1, i.e.
O,pp > 0.1 with nPP € [1, NPP), NPP < PP < N.MN.
Then we apply water-filling to them. In light of this, firstly, the
average beamforming gain based on the NP singular values
can be formulated as:

— 1 NPD 92
- NDD ZnDDzl nDD*

Secondly, the first NPP columns of VEF and UBF are
harnessed as the digital TPC matrix W72B5 and RC matrix
W ke BB, respectively, i.e. W1e.BB VRF[ 1: NPP] ¢

(28)

2
DD —~ =
CNMNANDY and |WTBB | — NPP, while W5 —
_ 2
URF[,1 . NPP| ¢ CNsMNxNPP g Hme BB

NDPP_ Thirdly, the digital TPC matrices are updated based
on the average beamforming gain in Eq. (28) of WEF, which

gives
H o)

Therefore, at the transmitter, the data-carrying symbols are
. ~ DD .
modulated in the DD as X € Cs <! and then the subcarriers
are precoded as

T, -, 1 1
WhnBE — Wwi=BBy {d ag{ﬁ T WSDD

§=wWinBBx, (30)

At the receiver, the digital RC is applied to y of Eq. (23),
which gives

~ GoRe,BB\H ~ 9% WheBB\ " o

= (WRI’ ) y:ﬁﬂx+(w “ ) v.

Hence, the DD-domain data-carrying symbols are normalized
as

(€2Y)

7 =%/, (32)

which obtains raw key in the DD based on OTFS modulation.

C. MDR Decoding for OFDM/OTFS in Doubly Selective THz
Channels

As portrayed in Fig. [T the MDR process [42]], [43], [46]
is employed for enhancing the CV-QKD performance in THz
quantum channels after the OFDM- and OTFS- based quantum
transmission and detection. However, the conventional MDR
found in [47]], [48] generally assumes a binary AWGN (BI-
AWGN) channel, where the noise variance of log likelihood
ratio (LLR) computation is uniform across all received Gaus-
sian variables. By contrast, the OFDM FD-SVD decision
variables z,, in Eq. (20) exhibit different noise variances across
different OFDM symbols for each sub-channel in the presence
of doubly selective fading. By contrast, the OTFS DD-SVD
decision variables z in Eq. have a noise variance that
is always the same for each sub-channel in doubly selective
fading. In light of this, the modified MDR scheme associated
with a new mapping schemes [42] is adopted in order to
provide reliable LLRs, which is elaborated on in Algorithm 1
of [42].

Therefore, the LLR calculation associated with FD-SVD

-detection of Eq. in OFMD transmission can be obtained

as
c (uf‘ [d]) -

where the modulated/demodulated
segment can be denoted as X;

s

2 [[3% | 12|

VD

l[sI?
2
[: nfD]H No/2

H—Rz BB ul [d],

(33)
tth

symbols of the
Re [ MDR]

and %; = Re [2YPR] =

along with ¢ = |n/D] -
and d = rem(n, D), while
,NFP — 1 and o

0 MDR
xn nFD and Zid

MDR |
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7MDR

7MDR
.)xi7d 7...

vaiD—l]r
e[ A 2B
NEP 4 nI'P 4 o (N/D - NFP
n=201.,N—1, nFD 0,1
0,1,..., Ny — 1. Moreover, Z}PR

g e



z% ., represent the dth element in the ith segment of 5MPR

n,nk
and zMDR

, respectively. The ith segment of noise term can
_ ~MDR ~MDR
Dﬁie{vlo e »Vi,D—1

= vn nFD- Therefore, the variance of each element of the

T
be denoted as V; = RU A with
ZMDR _
id
Rxz,BB
g,fz [ H ]\/VU/2

noise becomes H “2 , with Ny representing

Hgn

the power of the original AWG

In OTFS transmission, similar to Eq. , the LLR calcu-
lation associated with the DD-SVD detection of Eq. (32) in
OTFS transmission can be obtained as

c (u;‘ [d]) =
(34)

where the modulated/demodulated symbols for the <th

2

4
2 %] ) Hﬂ

VD[ ui'd],

H No/2

segment can be denoted as X, = Re[x}PR] =
T

Re [FDR, . FHOR ,...,wglillr ,and 7; = Qe [AIPR] =

Re|ZVPR, -+ ZVPR, - Z2MPR | with i = nDP + |o/D] -

NPP and d = rem(g,D), where 0 = 0,1,..., Ny — L.

~MDR

Moreover, ZyRR = T¢ oD and 2MPR = z¢ oy represent the dth

element in the ith segment of .Z‘MDR and ZMPR " respectively.

The ith segment of the noise term can be denoted as V; =

T
~MDR ~MDR ~MDR PMDR _ e
Re (Vg 0ig >V pe 1} along with v;’;™ = v,
Therefore, the variance of each element of the noise A2
|| R:c BB[ DDH| N /2

becomes

9° ’

Note that the ac‘:‘curacy of the FD LLRs of Eq. (33) may
be impacted by the MDR process in mobile scenarios, which
will lead to degraded SKR performance. Specifically, the MDR
process assumes identical fading gains for all elements within
a segment, resulting in a uniform fading value during the LLR
calculation for a segment. However, in time-variant channels,
the FD channel ﬁnF will fluctuate with time, therefore the
average beamforming gain ¢¢ obtained for each element in
a segment will differ from each other, which degrades the
accuracy of the FD LLR calculation of Eq. (33). By contrast,
the accuracy of DD LLR calculation of Eq. (34) remains
unaffected by the MDR process in mobile scenarios, because
the DD domain channel matrix H'*¥" remains quasi-static even
in doubly selective fading channels.

D. Complexity Analysis for OFDM/OTFS in Doubly Selective
THz Channels

Clearly, the SVD calculations dominate the computa-
tional complexities of both the OFDM- and OTFS-based
transceivers. To elaborate further, the complexity of FD-SVD
in Eq. (T4 for a single OFDM symbol associated with

nF € CM*M js O(M?) [49]-[51]. Hence the complexity of
a block is O(M®N). By contrast, for an OTFS-based system
associated with HF¥" € CMNXMN "the complexity of a DD-
SVD in Eq. for a single OTFS block is O(M3N?3) .

3The value of Ny is to evaluate the noise level as the signal power is
normalized to 1 in simulation. But both the realistic signal and noise powers
will be elaborated in Sec. [V}

Frequency Pilot DGuard DDM&

Time =P

>L-1 (b)

Fig. 5: Schematic illustration of (a) FD, (b) TD and (c) DD-
domain channel estimation techniques.

Therefore, the complexity of the FD-SVD of OFDM is lower
than that of DD-SVD of OTFS. Note that both detectors
perform similarly in a stationary scenario. Hence, the FD-SVD
of OFDM is the better choice in stationary scenarios.

However, in high-mobility scenarios, the total complexity
for Ny blocks of OFDM or OTFS symbols required for
completing the MDR process with the aid of LDPC codes
is O(M3NNy,) and O(M3N3) for OFDM and OTFS, re-
spectively. This is because in time-variant channels, the FD
matrix ﬁnF will change with time, which means that the
digital beamforming of OFDM has to be updated for each
OFDM symbol, where the SVD calculations required for
updating the digital beamforming have to be repeated. By
contrast, the digital beamforming of OTFS does not have to
be updated, owing to the fact that the DD-domain fading
representation is time-invariant. In this context, OTFS exhibits
lower complexity than OFDM when Ny; > N2. This condition
arises when a large number of blocks are combined with
powerful LDPC codes featuring long frame lengths, enabling
near-capacity performance.

IV. PROPOSED MIMO OFDM/OTFS CHANNEL
ESTIMATION IN CV-QKD SYSTEM

In contrast to the ABF MIMO OFDM/OTFS CV-QKD
scheme proposed in [42], where perfect CSI is assumed, a
realistic imperfect CSI is considered in this work. Therefore,
in this section, MIMO OFDM/OTEFS channel estimation al-
gorithms are proposed for time-varying frequency-selective
MIMO THz channels. Fig. [5]illustrates three different channel
estimation techniques, namely FD, TD and DD-domain esti-
mations, respectively. The FD estimation in Fig. [5[a) arranges
the pilot symbols in both FD and TD with suitable spacings,
which can be viewed as the “horizontal comb” and the
“vertical comb”. In contrast to FD estimation, Fig. Ekb) shows
the TD estimation via placing the TD pilot symbols at the
beginning of each transmitted frame. Moreover, as for the DD-
domain estimation shown in Fig. 5c), the pilot symbols are
inserted into DD index grids. For OFDM channel estimation,



it was demonstrated in [44] that TD estimation performs better
than FD estimation in the face of intercarrier interference (ICI),
while the DD-domain channel estimation is the natural choice
for OTFS systems.

A. MIMO OFDM Doubly Selective Channel Estimation

For MIMO OFDM, the subcarriers are assumed to be
orthogonal to each other without ICI, which is only true in
time-invariant fading channels. Hence the TF-domain channel
estimation algorithm that assumes time-invariant fading for
MIMO OFDM is detailed as follows. Firstly, the input-output
relationship between the uth TA of the transmitter and the vth
RA of the receiver in the TD is modelled as follows

CEyou — FOBvugCBuu 4 yCBuu
- )

y (35)

where y©Fv.u € CL*1 represents the received contaminated
pilot symbols. Furthermore, s®Fv.v € CE*! represents the
pilot symbols, which takes part of the Direc delta impulse-
based CP inserted in the TD of Fig. [5[a). More specifically,
the Direc delta pulse-based CP is expressed as [44]]

TD —
_ )P M= 0
S0,m = T™D °

36
0, m=+1,42,.. +NID 0)

where the power of the pilot impulse pg D aims for ensuring
that the transmission power obeys Y. [|50.m [|>= 2NVgny +1,
while the zeros in Eq. are referred to as guard intervals in
Fig.[5[a). Based on Eq. (36), the first L — 1 zeros provides CP,
which are removed from Eq. (35). In this way, the CIR taps
in the TD can be estimated one by one based on Eq. (33).
Therefore, to make sure that there is no interference when
carrying out TD convolution represented in the matrix form
of Eq. , the number of guard intervals ;-0 should be

guard
no less than L — 1, i.e. NI > [ — 1. In our work, we set

guard
Naia = L — 1. Moreover, H“#vu € CE*L represents the
L x L CIR matrix in TD, which is expressed as
hO,v,u hL—l,v,u hZ,v,u hl,v,u
hl,v,u hO,v,u hB,v,u h2,v,u
HCEou — . . .
hL72,v,u hL73,v,u hO,v,u thl,v.,u
thl,v,u hL72,v,u hl,v,u hO,'u,u
37)
where  hy,.,V1 € [0,L — 1] are the L CIR
taps and hiyu = VNrzNpy - Zvlp:l hp |V NRa

arz (Orz, p) VNrzall, (014,p) } [v,ul.  Secondly, based

on Eq. , the L CIR taps can be estimated as }Azlm,u that
contains the angle of arrival (AoA) and angle of departure
(AoD) information. More explicitly, since the TD CE pilot
symbol is a Dirac Delta signal, y“Fv can be directly used
as the noise-contaminated estimated CIR A, . Thirdly, the
full channel matrix containing all the ﬁlﬂ),u values of the
different antenna pairs for the [th delay tap is constructed as

Algorithm 1: MIMO OFDM channel estimation algo-
rithm.
Input: y©Fvu for u/v =0,1,..., Nro—1/Nre—1.
Output: AoA and AoD é\Rz,W é\Tz,p, and channel gain Ep
with I, = for all the delay taps.

// Obtain channel gain A,
for All the (v,u) antenna pairs do

2 Get El,v,u for L delay taps.
3 end

// Obtain Orep, Orep, and hp, with I, =1
4 for All the L delay taps do

5 Construct H; based on Eq. using El,v,u.
6 Define the objective function:

—

J (eRz,p, eTz,p) = agx (eRz,p)‘ﬁl'aTz (eTz,p) . (40)
7 The estimation of AoA/AoD can be obtained by:

(é\RIyP? aTTqP) = arg J (HR%P: HTz,p)

max
V0 R, p=0°,1°,...,90°
Y07y, p=0°,1°,...,90°

(41
based on the orthogonality of two different steering
vectors, which obey:

agz (aRw,p) ARz (GRac,p) = 17 a?z (eTac,p) ary (eTﬂc,P) =1

(42)
8 The channel gain can be obtained by:
= JI’H&X
hp = ————. 43
v NRINTI ( )
9 end

// Reconstruct the channel in TD
Reconstruct the channel in TD after channel estimation,
which is expressed as in Eq. (39).
// Update the analog beamformed fading
channel

Update the analog beamformed fading channel I/-\Iffn’l based

on Eq. (3).

=
<

-
=

follows
hi hij2 RN,
. hi21 hioe hi2, N,
H; = ) ) ) (38)
hiNgo1 M Ng, 2 M, Ngo N1

Based on Eq. , the dominant AoA @\Rw,p and AoD gT”,

and channel gain of ﬁp for the Ith delay tap, ie. [, = [,
can be obtained, as described in Algorithm E} Therefore, the
reconstructed channel in TD after channel estimation can be
expressed as

o~

Hn,m,l =V N7y Nps - ’EpaRm(é\Rz,p)a’ZI-{m(é\Tz,p% lp =1.
(39)

B. MIMO OTFS Doubly Selective Channel Estimation

In this section, we conceive the DD-domain channel esti-
mation for MIMO OTEFS. The proposed method is based on
the assumption of quasi-static DD-domain fading, which is
true even in realistic doubly selective THz fading channels.



We perform the DD-domain channel estimation based on each
single antenna pair in order to obtain the AoA/AoD, delay and
Doppler indices and channel gain for each path. The detailed
procedure is shown in Algorithm [2] Firstly, the input-output
relationship between the uth TA of the transmitter and the vth
RA of the receiver in the DD domain is modelled as follows:

yCEu,u — IF_VICEv‘u'SVCEv‘u +VcEv7u’ (44)
where we have yCFPvu e ¢MNx1 HCE.. ¢ ¢MNxMN
SCEuu € CMNXL and $OE.. g CMNxL
Furthermore, HPv.u[x, (] = hpouT (k1 kp, 1)
and 4 =  V/NryNgrehy [\/NRzzzaRa: (ORz,p)

VNrzal (0r.,p) } [v,u], since neither analog beamforming
nor digital beamforming is used during the channel estimation
process. Moreover, s¢Fv represents the DD-domain pilot
symbol, which is a Dirac delta impulse transmitted in the
DD-domain of Fig. b). The elements of S¢Fv« are set as
[44]

pEDv K= K’p
SCEy,u — _
sV Fvulk] =40, k=rkpt ey T2, kp £ Npy
Sk,  otherwise
(45)

where the power of the pilot impulse pED is adjusted for main-
taining the constant OTFS frame power of M N. The guard
interval has to obey J\/'g > P. Secondly, the estimated

uard

Delay and Doppler index lp, k:p and channel gain %p,v,u that
contains the AoA and AoD information are obtained based
on the SISO OTFS channel estimation algoritllm of [33].

Thirdly, a new channel matrix containing all the Ep,v,u values
of the different antenna pairs for the pth path is constructed
as follows

~ o~ o~

hpia hpao fop 1, N1,
= h h h
P,2,1 P,2,2 P2, N1
H, = : _ (46)
hp Nroa P Ng..2 hp Npo Nz,

Based on Eq. the estimated AoA @\Rx,p and AoD §T$7p
and channel gain h,, can be obtained, as detailed in Algorithm
2

It is worth briefly mentioning that the overhead of the
TD/DD-domain channel estimation, as shown in Fig. 4(b)
and (c) applied for OFDM-based and OTFS-based systems,
respectively, mainly relies on the numbers of TDLs L and
paths P. More explicitly, the overhead of the TD channel
estimation can be quantified by (2./\/ wara + 1) for an OFDM
symbol. Therefore, the overhead for a block of OFDM sym-
bols is (2./\/ ward T 1) - N, since pilot symbols are required
for each OFDM symbol within each block. On the other hand,
the overhead of the DD- dorgain channel estimation can be
quantified by <2Nguard for the duration of an OTFS
block corresponding to N OFDM symbols, thanks to the time-
invariant nature of DD-domain fading. For example, consider

Nama = 2and N2y = 3 when L = P = 3, which coincides

Algorithm 2: MIMO OTFS channel estimation algo-
rithm.

Input: v for u/v =0,1, ..., Nrz—1/Npz—1
1 . Output: Delay and Doppler index [, Icp, AoA and AoD

GRI,,,, QTZ .p» and channel gain h for all the paths.

// Obtain lmk and channel gain hp,v,u
2 for All the (v,u) antenna pairs do

3 | Getlp,kp, hpww for P paths based on SISO OTFS

channel estimation in [33].
4 end

~

// Obtain é\RI,p,é\TLp, and hp
5 for All the P paths do

6 Construct ﬁp based on Eq. l@i using ﬁp%u.
7 Define the objective function:

J (eRx7p7 eTac,p) = agl (on,P) ' I:ip sary (HTGU,P) .
“47

8 The estimation of AoA/AoD can be obtained by:

(é\Rz,p, 5“,,,) = arg

max
VO Ry p=0°,1°,...,90°
Vo7, ,=0°,1°,...,90°

J (eRnyPv GTIaP)

(48)
based on the orthogonality of two different steering
vectors, which obey:

agz (GRZ',p) ARz (GR(L',[)) = 17 a¥z (HT(L',I)) arz (HT(L',I)) =1.

(49)
9 The channel gain can be obtained by:
= Jmax
hp = ———. (50)
P NRZNT_’L‘
10 end
// Reconstruct the analog beamformed
fading gain for each path
=RFy,
11 Reconstruct the analog beamformed fading gain h,, for

each path p based on Eq. (23).

with the illustration in Fig. 4 of our manuscript, and M = 64,
N = 16. Then the pilot overhead for an OFDM block is

(2./\/;“5[1 + 1) = 80, while the overhead for an OTFS
block is ( ./\/guard = 49. Therefore, the overhead of

OTES is smaller than that of OFDM for most settings. As
for the complexity of channel estimation, the complexities of
Algorithm 1 and Algorithm 2 are approximately the same,
since the sizes of the matrices involved in implementing the
algorithms in Eq. (38) and in Eq. (46) are the same. However,
the TD channel estimation Algorithm 1 has to be activated for
each OFDM symbol, while the DD-domain channel estimation
Algorithm 2 of OTFS only once. Therefore, the complexity of
our channel estimator proposed for OTFS is approximately a
factor of N lower than that of OFDM.

V. SECRET KEY RATE ANALYSIS

It is assumed that the commonly used collective attack is
adopted to analyze the SKR, hence the SKR is expressed as



follows [42]], [52If]
Kiinite =7 (1 = Pg) [BIap — xBE — & (Nprivacy)] »

where v denotes the fraction of the key extractions relative to
the total number of data exchanged by Alice and Bob, while
Pg represents the block error rate (BLER) in the reconciliation
step. Additionally, 45 is the classical mutual information
between Alice and Bob based on their shared correlated
data, and x pg represents the Holevo information, quantifying
the information Eve can extract from Bob. Furthermore, the
reconciliation efficiency S € [0,1] is defined as [58], [59]

(51

Reff Reff
=7 =% [0.5log, (1 + SNR'?)]
| (52)
Rett

)

" E[0.5log, (1+ 1/NF)]

where effective transmission rate R°T is given by RT =

1- % - R for OFDM transmission and R°f
1- %X/ - R for OTFS, while R is the coding rate, and

is the one-dimensional Shannon capacity [60], [61]]. Ad-
ditionally, the receive SNR after equalization at the receivers
is given by SNR™ = 1/Nf** = 1/Ny Y. The noise variance
WR‘ZBB :’nfD 2N WRe,BBJ. ,DD 2N

: HE[W ™o, g 1% |5[4 22)|I° N
based on Eq. (33) and Eq. (34), when FD-SVD of OFDM and
DD-SVD of OTFS receivers are used, respectively, and the

<2112

Wi Lt )|

N{t® equals to ”

5, and

o,n

corresponding coefficient T equals to ‘

Il
[[we 25 e[

Firstly, the mutual information between Alice and Bob can
be obtained as follows [42]:

Tap =2 log, {1+ UERAE }

2 nMMVo+n(1-T)+(1—-n)S
1, {nT(TVonHn(lTH(ln)S}
2 2 nTVo +n(1—T)+(1-n)S ’

(53)
where 7 represents the detection efficiency and S stands for
the variance of the trusted detector’s noise [15], while T" =
10~£/10 represents the distance-dependent path loss, where
« and £ represent the attenuation and distance between Alice
and Bob, respectively. Furthermore, Vs and Vj represent the
variance of the Gaussian signal and the thermal noise used in
the modulator of CV-QKD. Note that we can rewrite V! =
YTV, and V) = V] + V}, since V; is adjustable in order to
match the required SNR at receiver’s side by compensating
the effect of fading channel gain T and loss 7.

Secondly, the Holevo information between Bob and Eve can

4Note that the so-called collective attack represents the strongest possible
attack [53]], where Eve having an unlimited computational capability applies
an optimal collective measurement to the entire set of stored ancilla after
the key distribution procedure. However, it is also possible to consider the
effect of eavesdropping on the SKR, where there is a realistic lossy quantum
channel between Eve and the target of eavesdropping [21], [54]. Alternatively,
the effect of imperfect quantum memory may also be considered [55]], etc. On
the other hand, the issue of beam misalignment would have a grave impact
on the transmission performance [56], [57], thus may degrade the SKR.

TABLE III: Simulation parameters.

[ Parameter [ Symbol [ Value
Parameters for OFDM/OTFS
The number of subcarrier M 64
The number of symbol N 16
Subcarrier spacing Af 2 MHz
Carrier frequency fe 15 THz
Maximum delay Tmaz 20 ns
Speed v 0,30 mph
Parameters for MIMO
The number of transmitter antennas Nrg 1,4,8
The number of receiver antennas Npga 1,4,8
The number of data stream Ng 1
Parameters for LDPC
Coding rate R 0.5
Code length Npgc 1024
Parameters for the QuC
Ricean factor K 0 dB
Atmospheric loss « 50 dB/km
Maximum TDL L = [Tmaa MAS] 3
CP length Mep L+1
Total paths P L

be calculated as follows [59], [62]]

xse = S(pas) — S(pap). (54)

where S(-) is the von Neumann entropy defined in [59], [62].
Hence, the Holevo information can be calculated as

xBE =G (v1) + G (v2) — G (v3),

where v, vo and v3 are symplectic eigenvalues of p4p and
pap in Eq. (55), and G(x) = (*31) -log, (<) — (354) -
log, (*5%). After substituting Eq. and Eq. (55) into
VI. PERFORMANCE ANALYSIS OF HYBRID

2
BEAMFORMING-ASSISTED SYSTEMS

(55)

Eq. (51I), the corresponding SKR can be obtained.

In this section, a comparison between HBF-assisted OFDM
and OTFS systems in classical communications is conducted,
followed by a comprehensive parametric study of both OFDM
and OTFS based THz CV-QKD systems. Explicitly, firstly the
bit error rate (BER) performance comparisons are presented
for both OFDM and OTFS based multicarrier-based systems
associated with a MIMO dimension of N, X Ny, in classical
communications. Then, our BLER performance comparisons
are presented for different multicarrier-based CV-QKD quan-
tum transmission systems associated with a vehicle velocity v
and MIMO dimension Np, X Ngr,. Moreover, the SKR versus
distance as a key performance indicator will be analyzed. The
simulation parameters are summarized in Table which are
determined based on key studies in the literature [15]], [19],
[42]], [43]], [63]], [64].

A. OFDM vs. OTFS in Classical Communication

Fig. [6] portrays our BER performance comparison between
HBF assisted MIMO OFDM and OTFS systems in classical
communications with perfect CSI under different MIMO sizes
in mobile scenarios. To elaborate, firstly, it is demonstrated in
Fig. [f] that the BER of OFDM is comparable to that of OTFS
in general due to the idealistic dominating beamforming gain
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Fig. 6: Performance comparison between HBF assisted MIMO
OFDM and OTFS systems in classical communications with
perfect CSI and with different MIMO sizes in mobile scenario
(kmaz = maxk, = 4), where M = 16 and N = 16 are used

p
and we have: (a) K=6 dB, P=3, (b) K=-6 dB, P=3.

gleaned from perfect CSI. Secondly, it can be observed by
comparing Fig. [6fa) and Fig. [6[b) that the BER performance
results of both OFDM and OTFS are improved, as the Ricean
K factor increases.

Fig. [7] portrays our comparison between HBF assisted
MIMO OFDM systems with both perfect and estimated CSI
based on Algorithm [I] where different MIMO sizes are
investigated in both stationary and mobile scenarios. It is
demonstrated by Fig. [7(a) that the BER performance with
estimated CSI gradually approaches to that with perfect CSI
upon increasing the MIMO size from 1 x 1 to 32 x 32 in sta-
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Fig. 7: Performance comparison between HBF assisted MIMO
OFDM systems with both perfect and estimated CSI and with
different MIMO sizes in both stationary and mobile scenarios,
where M = 16 and N = 16 are used and we have: (a) K=6 dB,
kmae = maxk, =0, (b)K=6 dB, kmes = maxk, = 4.

P P

tionary scenarios for K = 6 dB, since the channel estimation
of MIMO OFDM is accurate in time-invariant channels. By
contrast, the BER results of estimated CSI seen in Fig. |Zkb)
exhibits irreducible error floors, regardless of the value of
Ricean K and the number of antennas. This is due to the fact
that in mobile scenarios, the TF-domain channel estimation
for OFDM suffers from the time-varying fluctuation of fading
channels, where the inter-channel interference prevents the
systems from extracting accurate CSI.

In contrast to the channel estimation performance illustrated
in Fig. [7] HBF assisted MIMO OTEFS using the proposed DD-
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Fig. 8: Performance comparison between HBF assisted MIMO
OTFS systems with both perfect and estimated CSI and with
different MIMO sizes in mobile scenario (kpmar = maxk, = 4),

p
where M = 16 and N = 16 are used and we have: (a) K=6 dB,
P=3, (b) K=-6 dB, P=3.

domain channel estimation algorithm does not suffer from
error floors, as seen in Fig. [8] Explicitly, it is demonstrated
in Fig. [§] that the BER associated with estimated channel CSI
based on Algorithm [2] approaches the performance of perfect
channel CSI even in mobile scenarios for both high Ricean
K = 6 dB and low Ricean K = —6 dB. This is a benefit
of the fact that OTFS transforms the time-varying frequency-
selective fading in the TF domain into quasi-static fading in
the DD domain, which once again makes channel estimation
trivial and accurate even in high-mobility scenarios.
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Fig. 9: Performance comparison between SISO OFDM and OTFS-
LDPC CV-QKD systems with perfect CSI in both (a) stationary
(v = 0 mph) and (b) mobile (v = 30 mph) scenarios, where M = 64
and N = 16 are used.

B. OFDM vs. OTFS in CV-QKD

Fig. 0] provides our performance comparison between the
OFDM and OTFS schemes employed by our LDPC-aided CV-
QKD systems relying on idealistic perfect CSI, where the
user velocity is set to v = 0 m/s for time-invariant fading
and v = 30 mph for time-varying fading, respectively. Fig. 0]
(a) demonstrates that both the detectors of the OFDM FD-
SVD and OTFS DD-SVD based CV-QKD systems achieve
a comparable performance in stationary scenario, which is
expected in the absence of doubly selective fading. However,
Fig. 0] (b) shows that in a mobile scenario associated with a
user speed of v = 30 mph, the OTFS DD-SVD based CV-
QKD system outperforms the OFDM FD-SVD based system
in time-varying THz channels.

Fig. [I0] illustrates the effect of the MIMO size Nr, X Ngg
on the BLER performance in a mobile (v=30 mph) sce-
nario, where idealistic perfect CSI is assumed. Firstly, it is
demonstrated that the OFDM FD-SVD based CV-QKD system
achieves the same performance as the OTFS DD-SVD based
system even in mobile cases, since the beamforming gain
obtained by our MIMO assists in mitigating the gap between
OTFS and OFDM observed in SISO case, as shown in Fig[g]
(b). Secondly, Fig. [I0] demonstrates that the BLER perfor-
mance improves for both the OTFS and OFDM detectors, as
the MIMO size increases. Specifically, it can be observed from
Fig.[10[a) and (b) that the SNR required for a BLER of 10~ is
reduced from -6.9 dB to -12.8 dB with the increase of MIMO
size from 4 to 8.

To analyze the impact of MIMO dimension on the SKR, the
parameter pair of BLER and 3, denoted by (BLER, (), are
summarized in Table [[V]for both stationary and mobile scenar-
ios. Based on this, Fig. [TT] portrays our SKR versus distance
comparison between our MIMO OFDM and OTFS LDPC-
aided systems using different detectors and MIMO sizes in
both stationary and mobile scenarios. The modulation variance
is adjusted to its optimal value, following the approach in
[65]. The remaining parameters are as follows [15]], [19]:
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Fig. 10: Performance comparison between MIMO OFDM and
OTFS-LDPC systems with perfect CSI with different MIMO size
in mobile scenario (v = 30 mph), where M = 64 and N = 16 are
used and we have: (a) Np, = Nrz = 4, (b) Nry = Nr, = 8.

TABLE IV: Reconciliation efficiency comparison of different
detection methods used in OFDM/OTFS CV-QKD system
under different M and Np, X Ng,. The reconciliation ef-
ficiencies are calculated from Eq. (52) at the BLER threshold
that equals to 0.1, together with the corresponding SNRs. Note
that both the stationary and mobile scenarios are considered
with v = 0,30 mph.

OFDM FD-SVD  OTFS DD-SVDE

NTI X NTz
SNR(B) AB(%) SNR(@B) B(%)
o Tx1 3.85 5417 375 57.44
0 moh ix4 69 60.95 69 65.08
P Sx8 1238 61.28 1238 65.38
o Ix1 44 52.30 375 57.80
50 moh _AX 4 69 60.93 69 65.08
P §x8 1238 61.44 128 65.23

atmospheric loss @ = 50 dB/km; room temperature T, =
296 K; detector efficiency n = 0.98; detector’s noise variance
S = 1; finite-size factor Nysivacy = 10'2. In Fig. [11| (a), there
are four asymptotic theoretical SKR curves associated with
different reconciliation efficiencies, which are 54%, 57%, 61%
and 65%, respectively. Firstly, Fig. (a) demonstrates that
in a stationary scenario and in the face of perfect CSI, the
OFDM and OTFS-based systems achieve comparable SKR
performance in the SISO case. However, in the MIMO case,
longer secure transmission distance is achieved by the OTFS-
based CV-QKD system than by its OFDM counterpart, since
the OTFS-based CV-QKD system associated with frame-based
CP overhead can provide higher reconciliation efficiencies
than its OFDM counterpart, which can be seen in Table
Secondly, Fig. [T1] (a) also confirms that the increased MIMO
beamforming gain attained is capable of increasing the secure
transmission distance for both OFDM and OTFS based CV-
QKD. More explicitly, upon increasing the antenna size from
1 x1,4 x4, 8 x 8, the secure transmission distance of our
OTFS-based system can be extended from 20 meters (red filled
circle), to 120 meters (green filled triangle) and 190 meters
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Fig. 11: The SKR versus distance comparison between MIMO
OFDM and OTFS-LDPC systems with perfect CSI using different
detections and different MIMO sizes with BLER equals to 10~ ! in
Table where M = 64, N = 16, f. = 15 THz, Nrec = 1024
and R = 0.5 are used in the following scenarios: (a) v = 0 mph, (b)
v = 30 mph.

(green filled square), respectively, whereas the corresponding
secure transmission distance of our OFDM system can be
extended from 20 meters (black circle), to 100 meters (blue
triangle) and 170 meters (blue square), respectively.
Furthermore, in Fig. [TT|b), there are four asymptotic theo-
retical SKR curves having different reconciliation efficiencies
defined in Eq. (52), which are 52%, 58%, 61% and 65%,
respectively. Similar conclusions can be made in doubly selec-
tive THz fading channels as from Fig. [TT{a). More explicitly,
the secure transmission distance of our OTFS-based system is
around 20 meters (red filled circle), 120 meters (green filled
triangle) and 190 meters (green filled square) in 1 x 1, 4 x 4,
8 X 8 antenna settings, respectively. By contrast, the corre-
sponding secure transmission distance of our OFDM system is
around 16 meters (black circle), 100 meters (blue triangle) and
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Fig. 12: Performance comparison between OFDM and OTFS-
LDPC CV-QKD systems with estimated CSI with different MIMO
sizes in stationary scenarios, where M = 64 and N = 16 are used
and we have: (a) Ny, = Nrz = 1, (b) Ny, = Npro = 4, (¢)
N Tr — N, Rx — 8.
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Fig. 13: Performance comparison between OFDM and OTFS-
LDPC CV-QKD systems with estimated CSI with different MIMO
sizes in mobile scenarios (v = 30 mph), where M = 64 and N = 16
are used and we have: (a) Ny, = Nry = 1, (b) Npy = Nr, = 4,
(C) NTJC = NRac =8.

170 meters (blue square) in 1 x 1, 4 x 4, 8 X 8 antenna setting,
respectively. To further investigate the effect of channel
estimation on the BLER performance, Fig. portrays our
BLER performance comparison between the OFDM and OTFS
schemes employed by our LDPC-aided CV-QKD system with
estimated CSI in a stationary scenario. Fig. [I2]a) demonstrates
that there is almost no BLER performance gap for OTFS
between the estimated CSI and perfect CSI SISO case, whilst
there is a high BLER floor for OFDM with estimated CSI.
Furthermore, the BLER performance of OFDM and OTFS
with estimated CSI is gradually improved upon increasing the
MIMO sizes from 1 x 1 to 8 x 8 as evidenced by Fig. [I2(b)
and (c).

By contrast, Fig. [[3] presents our performance comparison

between MIMO OFDM and OTFS based CV-QKD systems
with estimated CSI in mobile scenarios. It is observed that
the performance of OTFS with estimated CSI exhibits the
same trend as that in Fig. [I2] where the corresponding
BLER performance of OTFS with estimated CSI is gradually
improved when increasing the MIMO sizes. Therefore, similar
reconciliation efficiencies and SKR versus distance can be
achieved for OTFS based systems with estimated CSI as that
with perfect CSI in both stationary and mobile scenarios.
However, the OFDM system with estimated CSI does not
perform adequately in mobile cases.

VII. CONCLUSIONS

Multi-carrier OFDM and OTFS based LDPC assisted CV-
QKD reconciliation schemes have been designed and studied
in the face of time-varying and frequency-selective THz sce-
narios, where HBF were developed to improve the quantum
transmission distance attained in the face of severe THz path
loss. Firstly, it was demonstrated that the OFDM FD-SVD
based CV-QKD system with perfect CSI achieves comparable
BLER performance to the OTFS DD-SVD based system even
in mobile (v = 30 mph) scenarios, since the beamforming
gain mitigates the gap between OTFS and OFDM observed
in SISO cases, provided that perfect CSI is available at both
the transmitter and receiver. Secondly, it was demonstrated
that the BLER performance is improved upon increasing
the MIMO size, thanks to the improved beamforming gain
achieved by the MIMO OFDM/OTFS scheme proposed for
quantum transmission. Thirdly, an SKR versus distance per-
formance comparison was conducted. It was demonstrated
that the OTFS-based system associated with frame-based CP
overhead offers higher SKR and longer secure transmission
distance than the OFDM-based system in both stationary and
mobile (v = 30 mph) scenarios. Moreover, increasing the
MIMO size enhances the secure transmission distance for both
the OFDM- and OTFS-based systems. Lastly, the effect of
channel estimation on the OFDM- and OTFS-based systems
was investigated. It was demonstrated that the OTFS system
with estimated CSI performs similarly to that with perfect CSI
in both stationary and mobile scenarios. Therefore, similar
reconciliation efficiencies and SKR vs. distance performance
can be achieved for OTFS based CV-QKD systems with
estimated CSI as that with perfect CSI. However, the OFDM-
based system with estimated CSI cannot achieve adequate
SKR and secure distance for CV-QKD in mobile cases due
to its irreducible error floors in BLER.

For future research, we may harness advanced fully analog
stacked intelligent metasurface (SIM) aided MIMO schemes
in our multicarrier CV-QKD scenarios. They provide improved
spectral efficiency at a low hardware complexity, while mit-
igating the effects of frequency-selective multi-path propa-
gation with the aid of programmable multi-path propagation
within the SIM itself [|66]. Furthermore, in classic performance
evaluation it is typically assumed that the receiver is exposed
to far-field propagation in form of plane waves. By contrast,
in the near-field spherical propagation takes place. Hence,
near-field THz propagation modelling has been investigated in



[67], [68]. Since the corresponding Rayleigh distance grows
with the array size, as well as with the reduction of the
wavelength, this has been investigated in [69], [[70]]. Therefore,
it is worthwhile considering near-field THz CV-QKD systems,
since the transmission distance is limited in the THz bands.
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