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ABSTRACT This paper investigates the impact of phase nonreciprocity in space-frequency line code-
orthogonal frequency-division multiplexing (SFLC-OFDM) systems, leading to significant performance
degradation due to non-ideal multi-channel radio-frequency transceivers. A novel demodulation reference
signal (DMRS) structure with phase rotation is proposed to address this challenge, enabling effective phase
nonreciprocity compensation. To compensate for the channel phase nonreciprocity, the user equipment,
as the uplink (UL) transmitter, estimates the downlink (DL) phase offset (PO) and then embeds this offset
information into the phase of UL DMRS sequences. The base station, as the UL receiver, extracts the
embedded DL PO and estimates the UL PO from the received DMRS sequences. The DL and UL PO values
are then used at the base station to compensate for phase discrepancies between the UL and DL channels
during the UL channel estimation process. Extensive numerical simulations across various system parameters
validate the effectiveness of the proposed method in mitigating phase nonreciprocity and ensuring reliable
SFLC-OFDM performance.

INDEX TERMS Space-frequency line code (SFLC), channel reciprocity, orthogonal frequency-division
multiplexing (OFDM)), reference signal.

I. INTRODUCTION

A recently developed space-time line code (STLC) is a
symmetric counterpart to space-time block code, achieving
full spatial diversity [1]. An STLC transmitter (Tx) encodes
information symbols using channel state information (CSI).
In contrast, an STLC receiver (Rx) decodes the symbols
through a linear combination of received signals, requiring
only partial CSI related to the channel norm or no CSI in
the case of M-ary phase shift keying. A key advantage of the
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STLC scheme is the low-complexity decoding structure inde-
pendent of the number of Tx antennas. This feature enables
the STLC system to support scalable and flexible antenna
configurations, contributing to its widespread adoption in
various multiple-input and multiple-output (MIMO) systems,
as summarized in Table 1.

In addition to extensive theoretical research, significant
efforts have been made to implement the STLC system
on hardware. In [20], a real-time testbed was developed
by combining orthogonal frequency division multiplexing
(OFDM) with STLC, resulting in the space-frequency line
code (SFLC)-OFDM system. However, the testbed relied on
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TABLE 1. Various MIMO systems employing STLC schemes.

MIMO Systems Employing STLC References

Multiuser transmission [2]-[6]
Multistream transmission [71, [8]
Multicast systems 9]

Relay systems [10]-[12]
Intelligent reflecting surface-aided systems  [13], [14]
Secure communications [15]-[17]
Non-orthogonal multiple access techniques  [18], [19]

CSI feedback through a wired connection, which is unavail-
able for practical deployments. As an alternative to wired CSI
feedback, an SFLC-OFDM system based on time division
duplexing (TDD) was designed that transfers the uplink (UL)
demodulation reference signal (DMRS) [21]. Using channel
reciprocity between the UL and downlink (DL) channels [22],
the UL CSI estimated from the received DMRS is used for
SFLC encoding in subsequent transmission of the DL signal.
The TDD-based SFLC-OFDM system effectively substitutes
the wired CSI feedback. However, the implementation in [21]
focuses primarily on the SFLC-OFDM system equipped with
a single Tx antenna.

Extending the TDD SFLC-OFDM system from a single Tx
antenna to multiple Tx antenna configurations is challenging.
One of the key issues is the antenna-specific phase offset (PO)
caused by the initial phase of the phase-locked loop (PLL)
[23], [24], [25], [26]. In TDD communication, a single radio
frequency (RF) port alternates between Tx and Rx modes,
with two independent PLLs operating separately for each
mode. The PO difference introduced by these PLLs within
the same antenna port leads to a phase discrepancy between
the UL and DL channels, disrupting channel reciprocity.
PO compensation is essential for reliable communications
in TDD SFLC-OFDM systems with multiple Tx antennas to
ensure channel reciprocity.

Because PLL-induced POs appear as common phase
errors (CPEs) [26], various CPE correction techniques,
including those developed in [27], [28], [29], [30], [31],
[32], [33], can be used to estimate and compensate for these
POs. However, when applied to TDD MIMO SFLC-OFDM
systems, existing methods require DL DMRS transmissions
across the full system bandwidth, such as joint CSI,
CPE, and/or carrier frequency offset estimators [30], [31],
[32], [33], resulting in prohibitive DL overhead. Other
low-overhead techniques, such as Kalman filtering [27],
a decision-directed estimator [28], and a codebook-based
approach [29], are limited to SISO configuration, requir-
ing substantial structural modifications to support MIMO
deployments. These limitations motivate the development
of a PLL-induced PO compensation method for SFLC-
OFDM systems, maintaining a low DL overhead and MIMO
capability.

This paper proposes a novel approach to resolve the
phase nonreciprocity problem in TDD SFLC-OFDM systems
equipped with multiple Tx antennas. Throughout the paper,
the Tx and Rx of the SFLC-OFDM system are referred
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TABLE 2. Comparison of proposed and existing methods in terms of DL
overhead and antenna configuration.

Reference DL Overhead Antenna Configuration

[27] Low SISO

[28] Low SISO

[29] Low SISO

[30] Moderate SISO

[31] High MIMO

[32] High SISO

[33] High SISO
Proposed Low MIMO

to as the base station (BS) and user equipment (UE),
respectively, accounting for the structural similarity to the
fifth generation new radio (5G NR) standard. During DL
communication, the BS transmits phase tracking reference
signal (PTRS) sequences on a small set of subcarriers.
The UE processes the received PTRS to estimate the DL
POs. In the UL, the UE embeds the DL PO information
into the phases of the UL DMRS via phase rotation (PR).
By leveraging the phase-rotated DMRS, the BS estimates
and compensates for the phase discrepancies between the DL
and UL channels. The proposed method achieves accurate
PLL-induced PO compensation with low DL overhead and
MIMO compatibility. These capabilities are absent in existing
CPE correction approaches. Table 2 compares the proposed
and existing methods in terms of DL overhead and supported
antenna configurations.

The main contributions of this paper are summarized as
follows:

o To the best of the authors’ knowledge, this is the first
study to investigate phase nonreciprocity caused by
PLL-induced POs in TDD MIMO SFLC-OFDM sys-
tems. Analytical expressions are derived to characterize
the effects of PLL-induced POs, emphasizing the need
for effective compensation techniques to ensure reliable
SFLC-OFDM performance.

o The DMRS-PR method is proposed to convey the DL
PO information estimated in the UE to the BS to avoid
additional UL overhead and minimize an increase in
DL overhead. Specifically, the PTRS is assigned to
DL subcarriers for PO estimation in the UE, and the
estimated PO information is embedded in a part of the
UL DMRS.

o Simulation results demonstrate that the proposed
DMRS-PR method effectively mitigates phase nonre-
ciprocity in TDD-based SFLC-OFDM MIMO systems.
In addition, comprehensive evaluations of various sys-
tem parameters provide insight into the conditions and
configurations required to ensure reliable communica-
tions using the proposed method.

The rest of this paper is organized as follows: Section II
introduces the signal and system models for the TDD MIMO
SFLC-OFDM system and analyzes the effects of phase
nonreciprocity on SFLC decoding. Section III presents the
detailed design of the proposed PR method to address the
phase nonreciprocity issue. In Section IV, simulation results
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FIGURE 1. Frame structure for a TDD-based M x 2 SFLC-OFDM system
using the DMRS-PR.

are provided to evaluate the performance of the proposed PR
method. Finally, Section V concludes the paper.

Notations: Scalars, vectors, matrices, and sets are denoted
by lower-case, boldface lower-case, boldface capital and
calligraphic capital letters, respectively (e.g., x, x, X, and
X); superscript T, H, and * denote transposition, Hermitian
transposition, and complex conjugate, respectively, for any
scalar, vector, and matrix; |x| and / x represent the absolute
value and phase of a complex number x; |x] returns the
largest integer number less than or equal to a real number
x; and CN(0, 02) represents a zero-mean complex Gaussian
distribution with variance o-2.

Il. SIGNAL AND SYSTEM MODELS

This section describes the signal and system models for
TDD-based M x 2 SFLC-OFDM systems with M Tx
antennas and two Rx antennas, considering the phase non-
reciprocity between multiple RF ports. To maintain wireless
channel reciprocity required for TDD SFLC, low-mobility
scenarios are considered. In such environments, established
synchronization techniques [21], [34] provide sufficient time
and frequency alignment. Consequently, perfect time and
frequency synchronization is assumed in the following signal
and system models.

A. TDD-BASED M x 2 SFLC-OFDM SYSTEM

Fig. 1 illustrates the frame structure for a TDD-based M x 2
SFLC-OFDM system using the DMRS-PR method. It is
worth mentioning that the proposed DMRS-PR method is
applicable to general TDD MIMO-OFDM systems with
PLL-induced POs, ensuring broad applicability beyond the
specific frame structure shown here. A frame is composed
of four time slots, each slot including 14 OFDM symbols.
The DL and UL time slots are alternately allocated for
the TDD operation. In the first DL slot, the BS transmits
only PTRS sequences because CSI is not yet available
at the BS. From the second DL slot onward, along with
PTRS, the SFLC symbols encoded using the CSI estimated
in the UL DMRS are transmitted. PTRS sequences are
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FIGURE 2. Block diagram for an M x 2 SFLC-OFDM system.

assigned to M DL subcarriers and P contiguous OFDM
symbols using MP resource elements (REs) per DL slot. Each
BS antenna transmits a unique PTRS sequence, which is
orthogonal to the other PTRS sequences transmitted through
the other antennas. The first and second UE antennas transmit
DMRS sequences in UL slots on the sixth and eighth
OFDM symbols. The BS estimates the UL channels using
the received DMRS sequences. REs excluding the DMRS
can be allocated for UL data transmission. For example,
UE can exploit the space-frequency block code for UL data
transmission as the dual counterpart to DL SFL.C [1].

Fig. 2 presents the block diagram for the DL and UL
operations in the M x 2 SFLC-OFDM system. From the
second DL slot, the BS performs SFLC encoding by pairing
two adjacent subcarriers for linear precoding using the CSI.
The SFLC symbols transmitted by the mth BS antenna on
each subcarrier pair are denoted as [20]

[sM%]]_ 1 [mm%lmm%q[
sml2k+11] " /y[2k] [ 15, [2k] —hi, [2k]

x[2k41] )
(M

where x[k] represents a modulated information symbol allo-
cated to the kth subcarrier, h,,,[k] is the frequency-domain
channel coefficient between the nth UE and mth BS antenna
pair, and y[k] is the unit-power normalizer for the kth

x*[2k] ]
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subcarrier given by

2 M
vkl =" > [hanlK][. )
n=1m=1
The SFLC-encoded symbols and the PTRS sequences are
mapped to the time-frequency REs in a DL slot. The BS
performs OFDM modulation, inserts a cyclic prefix (CP), and
transmits the time-domain signals through M antennas.

The Rician fading channel is assumed in which A, [k]
is characterized by the superposition of a dominant line-of-
sight (LOS) component and non-LOS scattered multipath
components as follows [35]:

K Cm 1
hnm[k] =4/ K——{—le] + ‘/ K+ lgnm[k]a (3)

where K means the Rician K-factor, ¢ is the LOS
component with a constant phase, and g,;;[k] is the non-LOS
component represented as a zero-mean complex Gaussian
random variable with unit variance. It is assumed that the
channel gains are identical for adjacent subcarriers, i.e.,
huml2k] = hpp[2k + 1].

At the receiver, the UE removes the CP, conducts OFDM
demodulation, and obtains the frequency-domain received
symbols as below:

M
ralkl = D hunlklsmlk] +zalk], ne {12}, @)
m=1
where z,[k] is an additive white Gaussian noise (AWGN)
at the nth UE antenna, distributed with CA/(0, 012). For the
SFLC decoding, r1[k] and r;[k] are combined according to a
fixed linear processing as follows [20]:

[ﬂ%]}_[npﬂ+@Dqu
y2k+11] |5 [2k]—r1[2k+1]
_ x[2k] z1[2k]+25[2k+1]
= Vi [x[2k+1]} * [zs[zk]—a[zkm] '
)
In (5), the UE detects x[2k] and x[2k + 1] from y[2k] and
y[2k +1].

In UL slots, the UE allocates DMRS sequences to the
time-frequency REs for each antenna to estimate the UL
channels corresponding to all pairs of Tx-Rx antennas.
Suppose that the allocation of UL DMRS and data is
completed. In that case, the UE generates a time-domain
signal through OFDM modulation and CP insertion, which
is then transmitted to the BS over the wireless channel.

After the removal of CP and OFDM demodulation,
BS extracts the frequency-domain DMRS sequences via
RE demapping. At the kth subcarrier, the received DMRS
sequences associated with the nth UE and mth BS antenna
pair are expressed as

Gnnlk] = humlkIpnlk] + zmlk], k € Dy, (6)

where py[k] is the DMRS sequence for the nth UE antenna,
zmlk] is an AWGN at the mth BS antenna, distributed with
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FIGURE 3. DL and UL channels with nonreciprocal POs ina 2 x 2
SFLC-OFDM system.

CN(0, (TZZ), and D, is the subcarrier index set denoting the
DMRS allocation for the nth UE antenna, given by

Dy = {knpmrs +Ld |d =0,1,--- ,D—1}. (7)

Here, k, pyrs is the first DMRS subcarrier index for the nth
UE antenna, L represents the spacing between two adjacent
DMRS sequences, and D is the length of the DMRS sequence.
For the pairing of subcarriers in the proposed DMRS-PR
method, D is assumed to be an even number.

From (6), the BS estimates the frequency-domain chan-
nel coefficients using the received DMRS sequences as
follows [21]:

}Alnm[k] = q"m_[k]’
pulk]

Moreover, linear interpolation! over k is subsequently applied
to estimate hy,[k] for k ¢ D,. Once the CSI is estimated,
as explained previously, the DL data can be transferred
through SFLC encoding and decoding as shown in (1)—(5).

k € D,. ®)

B. EFFECT OF PHASE NONRECIPROCITY IN TDD-BASED
SFLC-OFDM

Fig. 3 illustrates the nonreciprocal POs in the DL and UL
channels for a 2 x 2 antenna configuration. Independent
operations of PLLs in the Tx and Rx modes induce phase
discrepancies between the DL and UL channels [26]. Taking
into account these discrepancies, we express the DL and UL
channels between the nth UE and the mth BS antenna pair as

o, pL K] = hy [k e/ OmDL (9a)
hnm, UL [k] = hnm [k]e]wnm'UL s (9b)

where wp, pr. and wpy,,yr are the effective POs of DL and
UL channels, denoted as

(10a)
(10b)

Wum,DL = Yn,pL + ®m.DL,
Wpm, UL = Yn,UL + @m,UL-

The proposed phase nonreciprocity correction method in Section III is
independent of the channel estimator. It can be combined with advanced
channel estimation techniques [36], [37] to enhance overall performance.
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Here, ¥, pr. and ¥, yr, are the POs at the nth UE antenna in
the DL and UL modes, and ¢, pr. and ¢, yr are the POs at
the mth BS antenna in the DL and UL modes. We substitute
hum,prlk] and hyy, yr[k]in hy,[k] in (4) and (6), respectively,
and neglect the noise terms for simplicity. Then, the
UL channels with POs are perfectly estimated, and the
SFLC-decoded symbols under nonreciprocal POs are given
in (11), as shown at the bottom of the page, where the channel
with distortion A[k] is expressed as

Alk] |imlk]|? & @imDL=C1m.0L)

1 M
Y20 mzj(
+ |h2m[k]|2 e_j(wzvaL_me,UL)) (12)

and the interference term B[k] is written as

Vylk]

X (ej(wl/11,DL_w2m,UL) _ e_j(me,DL_wlvaL)) . (13)

1 M
BIk] =—== > himlk]h,[K]
m=1

Nonreciprocal POs evidently introduce distortion and inter-
ference, as shown in (11). Consequently, the PLL-induced
POs significantly degrade symbol detection reliability. This
degradation in symbol-level performance directly impacts
system throughput because frequent decoding errors reduce
the number of successfully transmitted bits. In addition,
elevated error rates often lead to increased packet-level
retransmissions, raising overall system latency. Therefore,
uncompensated PLL-induced POs undermine the ability of
TDD SFLC-OFDM systems to support high-throughput and
low-latency communication.

1IIl. PROPOSED DMRS-PR METHOD FOR PHASE
RECIPROCITY RECOVERY

Since the PO-induced distortion in (12) and interference
terms in (13) exhibit frequency selectivity, PO compensation

—: DL [[1]:BS
<«— UL [ ]:UE

[ DL PTRS sequence transmission N

™y DL PO estimation
DL PO quantization
DMRS-PR block generation
UL DMRS-PR block

v L
/ transmission

DMRS-PR block reception ]
DL PO information acquisition
DMRS phase derotation
UL channel estimation
UL PO estimation
Nonreciprocal PO compensation
SFLC encoding
DL PTRS sequence and SFLC
symbol transmission

N

SFLC decoding
DL PO estimation

Time
d

FIGURE 4. Flow diagram of the proposed DMRS-PR method for phase
nonreciprocity compensation.

on the UE side requires DL DMRS transmissions that
span the entire channel bandwidth. This paper proposes
the DMRS-PR method that enables the BS to estimate and
correct the PO discrepancies utilizing UL DMRS sequences
as an alternative approach. In other words, PO compensation
is conducted on the BS side. Fig. 4 presents the overall
flow diagram of the proposed DMRS-PR method. The BS
transmits the PTRS sequences in the DL slot, and the
UE estimates the PO for each pair of Tx-Rx antennas.
The quantized PO information is conveyed to the BS
through UL DMRS sequences with PR. Subsequently, the
BS jointly estimates the embedded POs and the UL channels.
Finally, the BS performs SFLC encoding using the CSI with
nonreciprocal PO compensation.

In a DL slot, the PTRS sequences are allocated to M
subcarriers over P contiguous OFDM symbols for DL PO
estimation at the UE. Without loss of generality, it is assumed
that the subcarrier index of the PTRS sequences remains fixed
across the OFDM symbols. The received PTRS symbol from

Y[2k] = ri[2k] + r3[2k + 1]

1
v [2k]

1 M

T e &
= A[2k]x[2k] + B[2k]x*[2k + 1],
Y2k + 1] = rE[2K] — ri[2k + 1]
_ 1
VYA

1 M

v [2k
= A[2k]x[2k + 1] — B[2k]x*[2k].

:
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M
Z (|h1m[2k]|zei(wln1,DL_wlm,UL) + |h2m[2k]|2e—j(w2m.DL—w2m,UL)) x[2k]
m=1

z hlm[Zk]h;m[zk] (ei(wlrrr.DL_me,UL) _ e—j(wzm,DL—wlm,UL)) X [2k + 1]

(11a)

M
Z (|h1m[2k]|2ej(w|m,DL—w1m.UL) + |h2m[2k]|26_j(w2m,DL_w2m,UL)) x[2k + 1]
m=1

h]m[Zk]h;m[Zk] (e/'(wlm,DL—wzm,UL) _ e—j(wzm,DL—wlm,UL)) x*[2k]
m=1

(11b)
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the mth BS antenna to the nth UE antenna is then expressed
as

Unm [k, PTRS 1= Ny, DL Ukin, PTRS Vi [k, pTRS 1+ 20 [Kim, PTRS 15
(14)

where kp prrs is the PTRS subcarrier index and vp[k]
represents the PTRS sequence at the mth BS antenna. Using
Unmlkm,pTrRs ], the UE obtains an initial estimate related to the
DL PO as follows:

(15)

~ ( Upm [k, PTRS ] )
®pm,DL = N ——————

Vinlkm, PTRS |

Here, @pmpr is given by an estimate of wympr +
Lhymlkm pTrRs]. The channel phase component Z Ay [km prrs]
is removed by the BS, as described in detail later in this
section. By averaging @y, pr across the P OFDM symbols
containing PTRS sequences, the UE estimates the DL POs.

The UE applies the PR to the DMRS sequences using
@nm.pL to convey the DL PO information to the BS. Once
the UE estimates the DL PO, @y, pr is quantized with
Q bits using the 22-PSK constellation and Gray coding,
as illustrated in Fig. 5. The resulting binary sequences are
concatenated and then modulated using binary PSK (BPSK),
resulting in a PR vector § € Z*Y2*! Each element of 8
represents a PR of & or 0. The UE alternately allocates a
phase-rotated DMRS and phase-unrotated original DMRS
sequences, creating a DMRS-PR block whose length is 4MQ,
as shown in Fig. 6. The DMRS-PR block can be transmitted
repeatedly to enhance the accuracy of DL PO detection in
the BS. When the number of repetitive transmissions is B,
the DMRS sequence length satisfies D > 4QMB. Thus, the
following condition holds

-1
B<|—— (16)
4QM
The phase-rotated DMRS sequences are expressed as

_ palk10 111,
nlk] =
pulf] [pn[k],

if k = ky.pmrs + 21 + 1)L,
if k = ky pmrs + 2IL,
(17

where I € {0, ..., 20MB — 1} denotes the PR index and 6[/]
is the Ith entry of the repetitive PR vector 8 € Z2¢MBx1
obtained by stacking € for B repetitions. After allocating
the DMRS-PR block for repetitive transmission, the UE
performs OFDM modulation and CP insertion to generate the
time-domain signals containing the DMRS-PR blocks.

The BS extracts the DL PO information from the received
DMRS-PR blocks prior to the UL channel estimation. The
phase difference between two adjacent DMRS subcarriers
depends on the PR at the UE and the phase component of
the channels. If the LOS component is sufficiently strong,
the channel phase difference is negligible between two
adjacent DMRS subcarriers. Using this fact, the BS computes
the average phase difference between two adjacent DMRS
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subcarriers to obtain the DL PO information as follows:

Z Z Gnmlkn,pMrs + (21 4+ 1)L]

o[l = —
Gnmlkn,DMRs + 2IL]

. (18)
n=1m=1
where gy,;,[k] means the received DMRS-PR symbol asso-
ciated with the nth UE and mth BS antenna pair at the
kth subcarrier. The estimated PR & [] is obtained by BPSK
demodulation using 6 [/], and the estimated PR vector 6 e
Z2eMx1 s then formed by stacking 6[I] in columwise.
Subsequently, 6 is reshaped into a matrix with dimensions
QO x 2M, resulting in the quantized DL PO matrix 0 «
Z2%2M \where the nmth column of @ corresponds to the
quantized binary sequence of @ Wpm, DL - The BS detects @ym.pr
by modulating the columns of © with the 22-PSK symbols.
As mentioned in (15), @y pr is an estimate of @y pr +
Lhpmlkm, prrs]. Thus, canceling Zhy, [ky, prrs] from & pr.
is essential to compensate for only DL PO wy,, pr.. However,
it is challenging to directly estimate the channel phase com-
ponent Zhy,[ky prrs]. To avoid estimating Zhpm[km, pTRS],
the BS estimates the difference between DL and UL POs,
Qun = WwnpL — @um,uL, Using the received DMRS
sequences. Initially, the BS removes PR from the received
DMRS sequences using 6. The BS then calculates the UL
channel estimates, including the effect of w,,, vz, denoted
as iznm,UL [£], based on the procedure provided in Section II.
From }Aznm’UL [k], an initial estimate of UL POs is obtained at
the BS as below:

Onm. L = L, Uk, RS- (19)
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Here, @y, yr 1s an estimate of wy,, yr + Lhym[km, prrs 1. Since
@nm,pr 18 the estimate of Wy, pr. + Lhyumlkm, pTRs ] in (15), the
BS can estimate €2,,,, by subtracting @y, yz, from @pm pr, i.€.,

Q= Cz)nm,DL - C,Z)nm, UL- (20)

Using fznm, the BS obtains the DL channel estimates with
nonreciprocal PO compensation as follows:

By, pLIK] = hum pr (K1 1)
YVhen all estimations are peirfect (.e., Qnm = Qun and
hym.urlk]l = hymuLlkD)s hum.prlk] yields the effective

DL channel coefficient h,,, pr[k], ensuring that the phase
difference between the UL and DL channels is completely
removed. In the subsequent DL slot, the BS performs SFLC
encoding with fznm, pLlk]. The proposed DMRS-PR method
is summarized in Algorithm 1.

Algorithm 1 Proposed DMRS-PR Method
1: Procedure in UE:

2: Obtain @y, pr, as in (15).

3: Compute by quantizing {@nm.pr.}-

4: Compute @ by stacking @ for B repetitions.

5: Perform PR to DMRS sequences with 0 as in (17).
6: Transmit phase-rotated DMRS to the BS.

7: Procedure in BS:

8: Compute 6[/] as in (18).

9: Obtain é[l ] via BPSK demodulation.
10: Form 6 by stacking 6[1] columnwise.
11: Compute © by reshaping 6 into Q x 2M.
12: Detect @y, pr, from the nmth column of 2.
13: Remove the PR from the received DMRS using 6.
14: Compute @py,, yr as in (19).
15: Obtain ﬁnm,UL [k] according to (8).
16: Compute Qum with (20).
17: Calculate /1, pr[k] with (21).

Remark 1: In frequency selective channels that violate the
strong LOS assumption, the inter-subcarrier phase variation
corrupts @um.pr, in the DMRS-PR method, limiting its
PO compensation capability. As an alternative, DL PO
feedback can be used for PLL-induced PO compensation.
In the feedback approach, the UE transmits quantized DL
PO estimates to the BS over the UL channel. The BS
with M antennas employs receive diversity techniques,
such as maximum ratio combining [38], allowing accurate
acquisition of DL PO.

Remark 2: The DL PO feedback incurs an additional
20QM -bit UL overhead, which practical systems can accom-
modate. Low-mobility settings, such as indoor environments,
are well suited to SFLC because channel reciprocity can be
maintained within the DL-UL interval. For typical sub-6 GHz
indoor deployments, M is equal to or less than eight [39].
As confirmed in Fig. 7(a) of Section IV, Q = 6 suffices for
accurate PLL-induced PO compensation, resulting in 20M <
96. 5G NR allows UE to multiplex feedback and data on
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TABLE 3. Simulation parameters.

Parameters Values
Number of subcarriers 1024
Subcarrier spacing 15 kHz

Number of OFDM symbols per slot 14
CP length 80 (1st symbol), 72 (others)

Carrier frequency 3.5 GHz
Information modulation Quadrature PSK
DMRS length (D) 312

DMRS subcarrier spacing (L) 2

1st DMRS subcarrier index (k;, pprs)
Number of BS antennas (M)

PTRS subcarrier index (K, pTrS)
Channel model ITU-R Pedestrian A

Doppler spectrum Jakes’ model

Maximum Doppler shift 10 Hz

Phase of LOS components (ct,) Uniform distribution over (—m, 7)
DL and UL POs Uniform distribution over (—, )

—312(n=1), =311 (n = 2)

2(m=1),4(m=2)

the physical UL shared channel (PUSCH), limiting overhead
under 20% of PUSCH resources [40]. Because a physical
resource block (PRB) comprises 168 resource elements for
15 kHz subcarrier spacing, the DL PO feedback requires
one PRB when BPSK is used. In small indoor cells, UEs
are typically assigned 8-16 PUSCH PRBs [41]. Therefore, a
96-bit feedback occupies only 4.5-9% of the PUSCH
resources, which makes this overhead easily accommo-
dated. Furthermore, PLL-induced PO remains constant over
time [26]. The acquired DL PO information can be reused
in subsequent communications, as verified in Fig. 10 of
Section IV, reducing overall UL overhead.

IV. SIMULATION RESULTS

To verify the effectiveness of the proposed DMRS-PR
method, we evaluated the performance of the bit error rate
(BER) in the simulation environments summarized in Table 3.
The number of subcarriers is fixed at 1024, corresponding to
the subcarrier index range from —512 to 511. The subcarrier
spacing is 15 kHz, resulting in a channel bandwidth of
15.36 MHz. Each frame spans 4 ms and comprises four time
slots with 1 ms each. Each time slot consists of 14 OFDM
symbols. The length of the CP is 80 samples (5.2 us) for
the first OFDM symbol and 72 samples (4.7 us) for the
other OFDM symbols, following the configuration CP for
a subcarrier spacing 15 kHz in the 5G NR standards. The
carrier frequency is set to 3.5 GHz. Information symbols are
modulated using the quadrature PSK. The DMRS length D
and the DMRS subcarrier spacing L are set to 312 and 2,
respectively. The first DMRS subcarrier indices k, pyrs are
—312 and —311 forn = 1 and n = 2, respectively. The
number of BS antennas is two (i.e., M = 2). The PTRS
subcarrier indices k, prrs are 2 and 4 for the first and second
BS antennas, respectively. To ensure relevance to practical
deployments, the parameter values are chosen based on the
5G NR specification [42].

The ITU-R pedestrian A channel model in [43] is adopted
to realize a multipath fading channel. The Doppler spectrum
follows Jakes’s model with a ring of scatterers [44]. The
maximum Doppler shift is 10 Hz, corresponding to the
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maximum relative velocity of 0.83 km/h between the BS
and UE. The phase of LOS components, oy, is uniformly
distributed over (—m, 7). Similarly, DL. and UL POs are
random variables with a uniform distribution on (—, 7).

Fig. 7 presents the BER performance of the proposed
DMRS-PR method on three critical system parameters:
the number of quantization bits Q, the number of PTRS
sequences per BS antenna P, and the number of DMRS-PR
blocks B. These results illustrate how each parameter
influences the overall BER performance of the proposed
method. The simulation results indicate that Q has the most
significant effect on BER performance, while the impact of
P and B is limited. As Fig. 7(a) demonstrates, increase in
Q improves BER performance, with performance saturation
occurring at Q = 6. Increasing Q, the quantization error of
DL PO is reduced, which in turn decreases the residual phase
discrepancies after combining the SFLC signals. At Q =
6, the quantization error in the DL PO representation is
negligible compared to the channel estimation error and
AWGN. Consequently, no additional improvement in BER
is observed for Q > 6. For P, only modest performance
gains are observed when K > 12 dB, while for K <
10 dB, increasing P has a negligible effect, as shown in
Fig. 7(b). Because the required value P is small, the proposed
DMRS-PR method imposes only minimal DL overhead.
In contrast, Fig. 7(c) shows that increasing B does not produce
any improvement in BER regardless of K. The simulation
results for P and B can be explained by considering the roles
of P and B in the DMRS-PR method. Specifically, P is related
to the accuracy of the DL PO estimation at the UE during
DL communication, while B governs the accuracy of the DL
PO acquisition at the BS in the UL communication. However,
due to uncertainties in the estimation of the UL channel, the
performance gains of increasing P and B remain limited, even
when the estimation of DL PO in the UE and the acquisition
in the BS are accurate.

Fig. 8 compares the performance of the BER in K under
four conditions: (i) no PLL-induced PO compensation, (ii) the
DMRS-PR method with Q = 6, (iii) the DL PO feedback
method with Q values from three to seven, and (iv) an
ideal case without PLL-induced PO. In the DL PO feedback
method, the UE and the BS use BPSK modulation and
the maximum ratio combining for feedback transmission
and detection, respectively. The BER performance for no
PLL-induced PO is a benchmark where only the estimation
of the UL channel is required. As shown, the SFLC-OFDM
system cannot achieve acceptable BER without PLL-induced
PO compensation. Specifically, BER remains nearly 0.5 in
all K and SNR values, highlighting the essential role of
PO compensation in TDD MIMO SFLC-OFDM systems.
In contrast, both DMRS-PR and DL PO feedback methods
effectively mitigate DL-UL phase discrepancies, yielding
substantial BER performance improvements. Notably, these
two methods show distinct behaviors as K increases. The
DMRS-PR method shows a sharp improvement in BER
at K = 12 dB. In comparison, the DL PO feedback
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FIGURE 7. BER performance of DMRS-PR method with respect to Q, P,
and B when SNR = 14 dB and QPSK is used.

approach maintains a nearly constant gap to the case without
PLL-induced PO in all K when Q > 5, demonstrating its
robustness under weak-LOS conditions.
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FIGURE 8. BER performance comparison across K when SNR = 16 dB,
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FIGURE 9. BER performance comparison across SNRwhenQ=6,P =1,
and B =1.

To further elaborate the BER performance evaluation,
Fig. 9 presents the BER performance over SNR values with
K =8, 10, and 12 dB. For K = 12 dB, both the DMRS-PR
and the DL PO feedback methods achieve the diversity order
of the case without PLL-induced PO. However, only the DL
PO feedback method reaches the same diversity order as in
the case without PLL-induced PO when K = 8. These results
confirm the robustness of the feedback approach in violation
of the strong LOS assumption, while the DMRS-PR method
requires K > 12 dB.

PLL-induced PO remains constant over time [26], allowing
reuse of PO estimates obtained during initial DL and UL
communications for subsequent transmissions of DL SFLC
symbols. To validate this approach, Fig. 10(a) compares
the BER performance in two scenarios: (i) reuse PO
estimates from the first DL and UL slots for all subsequent
transmissions and (ii) perform PO estimation for each pair
of DL-UL slots. The simulation results are obtained with
200 transmitted frames per channel realization, Q = 6,
P =1,and B = 1. Fig. 10(a) plots BER across K with a fixed
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FIGURE 10. BER comparison between PO estimation using only the first
DL-UL slot pair and PO estimation for each DL-UL slot pair when the
number of frames is 200,Q=6,P =1,and B=1.

SNR of 14 dB. The results show that both scenarios achieve
nearly identical performance for K > 12 dB, indicating
that a sufficiently strong LOS component enables the reuse
of estimated POs with negligible performance degradation
compared to reestimating POs in every DL-UL slot pair.
For K < 10 dB, a modest performance gap emerges
due to the weaker LOS components and the increased
influence of multipath effects. However, this gap remains
small, demonstrating that reusing the initial PO estimate
remains viable even under low-LOS conditions. To further
assess the consistency of this trend across different SNR
values, Fig. 10(b) presents BER as a function of SNR for
representative K values of 10, 12, and 14 dB. The results
confirm that reusing the initial PO estimate achieves BER
performance comparable to estimating POs in every DL-UL
slot pair across practical SNR ranges. Therefore, applying PO
estimates from the first DL and UL slots provides an effective
strategy to mitigate DL-UL channel phase discrepancies
while remarkably reducing system complexity and overhead.
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V. CONCLUSION

This work investigates the impact of phase nonreciprocity in
SFLC-OFDM systems. It proposes the DMRS-PR method
that embeds the DL PO information into UL DMRS
sequences to compensate for phase nonreciprocity and ensure
reliable system performance. The efficacy of the DMRS-PR
scheme is validated through extensive numerical simulations.
However, the applicability of the DMRS-PR method is
based on the presence of a strong LOS component to
address phase nonreciprocity, limiting its use in frequency-
selective channels. The DL PO feedback scheme serves as
an alternative, trading a modest UL overhead for robust BER
performance.
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