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ABSTRACT This paper demonstrates the implementation of a space–frequency line coded-orthogonal
frequency-division multiplexing (SFLC-OFDM) system. The SFLC-OFDM system utilizes downlink
channel state information at the transmitter, which can be obtained from uplink channel estimation
under channel reciprocity assumption between uplink-and-downlink channels. However, in practical
implementations, channel reciprocity is violated due to the imperfect synchronization and radio frequency
chain mismatch between transceivers. To recover the channel reciprocity, frequency-domain signal
processing methods are proposed. Furthermore, a low computational complexity single-instruction multiple-
data method is implemented to meet the time constraints in real-time operating systems. The experimental
results demonstrate that channel reciprocity can be effectively recovered in the implemented SFLC-OFDM
system, resulting in practical communication performance regarding the symbol error rate.

INDEX TERMS Space–frequency line code (SFLC), orthogonal frequency-division multiplexing (OFDM),
synchronization, channel reciprocity, software-defined radio (SDR), single-instructionmultiple-data (SIMD)
method.

I. INTRODUCTION
As the fifth generation (5G) terminal devices continue to
expand their applications, many researchers have begun to
consider the next-generation mobile communication sys-
tem, commonly referred to as the sixth generation (6G)
[1], [2]. Multiple-input multiple-output (MIMO) systems
have emerged as an essential technology expected to deliver
significant performance enhancements in 6G by leveraging
spatial diversity and multiplexing gains [3]. Thus, the MIMO
techniques have been applied to the various communication
systems, such as massive MIMO systems [4], [5], [6], multi-
user MIMO (MU-MIMO) systems [7], [8], [9], [10], and
cell-free MIMO systems [11], [12], [13], [14]. These MIMO
systems have shown noticeable performance improvement in
spectral and energy efficiency.

The associate editor coordinating the review of this manuscript and

approving it for publication was Nurul I. Sarkar .

One of the critical technologies determining the perfor-
mance of MIMO systems is the channel state information
(CSI) estimation techniques [15], [16], [17]. In frequency-
division duplexing (FDD) systems, downlink (DL) CSI from
a base station (BS) to users is desired to exploit various
advanced MIMO techniques, such as MU-MIMO, beam-
forming, and scheduling, to improve the DL communication
performance in 6G systems. To this end, the DL CSI should
be fed back from the users to the BSs, even though the BS
has uplink (UL) CSI from the UL channel estimation. This
is because the UL can DL channels are not reciprocal in the
FDD systems [18], [19], [20], [21].

To circumvent the feedback overhead in the FDD systems,
time-division duplexing (TDD) systems were vigorously
studied [22], [23], [24], [25], [26], [27], [28]. Since the
transceiver operates in a single frequency band in TDD
systems, the DL/UL channel responses are reciprocal, i.e.,
the channel reciprocity/symmetry. The DL channel can be
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estimated via UL training based on the symmetric channel
between DL and UL, and the feedback overhead issue
can be resolved. However, owing to a massive number
of transmit antennas recently considered in 6G BSs to
support explosively growing data traffic, the pilot overhead to
estimate DL CSI can be prohibitively increased [29]. In other
words, the tremendous DL signaling overhead may hinder 6G
BS from being deployed in practice.

To reduce the DL signaling overhead, which is for the
DL channel estimation at the users (henceforth denoted by
a receiver, RX), a space–time line code (STLC) scheme [30]
is employed at the BS (henceforth denoted by a transmitter,
TX). The STLC is a space-time coding scheme that can gain
full spatial diversity with CSI at TX (CSIT) operating in
a TDD mode. Concretely, the STLC TX encodes the data
symbols using CSIT, and the STLCRXdecodes themwithout
or with partial CSI at RX (CSIR). To show the validity
of STLC, several studies were conducted on the theoretical
aspects [31], [32], [33], [34], [35]. For these advantages, the
STLC has been applied to various communication systems,
such as MU-MIMO systems [36], [37], [38], multi stream
MIMO systems [39], [40], multicast system [41], secure
communication systems [42], [43], relay communication
systems [44], [45], [46], [47], intelligent reflecting surface
systems [48], [49], vehicular communication systems [50],
Unmanned vehicle communication systems [51], [52], and
non-orthogonal multiple access systems [53], [54]. The
STLC schemewas employed in an orthogonal frequency divi-
sion multiplexing (OFDM) system, i.e., a space–frequency
line code (SFLC) system [55]. A real-time operating testbed
was implemented due to the simple modem structure
of SFLC.

Previous STLC (or SFLC) studies assumed perfect UL
and DL channel reciprocity. However, an undesirable asym-
metry exists between the DL and UL channels [56], [57].
To guarantee the channel reciprocity in the TDD systems,
the hardware calibration methods have been proposed [58],
[59], [60], [61], [62], [63], [64], which can match the radio
frequency (RF) responses of TX and RX. However, the
residual frequency and timing offset still cause significant
impairment in the phase of channel frequency response (CFR)
[65, Ch. 5, pp. 105–110]. Therefore, further signal processing
methods are necessary to compensate for the residual timing
and frequency offsets.

This paper proposes a frequency-domain synchroniza-
tion method to guarantee the reciprocal channel responses
between DL and UL of a TDD SFLC-OFDM system.
Furthermore, the real-time operating software-defined radio
(SDR) testbed is implemented. The proposed methods,
including the SFLC encoder and decoder, are designed
using a single-instruction multiple-data (SIMD) technique to
satisfy the time constraints in real-time systems. The main
contributions of this paper are summarized as follows:

1) Frequency-domain signal processing methods are pro-
posed to compensate for the residual timing and
frequency offset, namely symbol timing offset (STO)

and carrier frequency offset (CFO), of the implemented
single-user TDD SFLC-OFDM system. As a result,
the phase difference between DL/UL CFRs can be
effectively eliminated.

2) The designed SFLC-OFDM system is implemented
in the SDR environment. To make the SFLC system
feasible in the universal software radio peripheral
(USRP) devices, the proposed signal processing meth-
ods are designed to minimize floating-point operations
(FLOPS) and the non-linear function call.

3) The performance of the SFLC-OFDM system is eval-
uated through the hardware experiment in the practical
environment. It is verified that channel reciprocity can
be attained using the proposed methods. Moreover,
the implemented SFLC-OFDM system outperforms
the conventional SISO-OFDM system’s symbol error
rate (SER) performance.

The remainder of this paper is organized as follows.
Section II describes the TDD SFLC-OFDM system model,
including the TDD frame structure and signal models of
STO, CFO, and RF mismatch. The proposed algorithms
for channel reciprocity are presented in Section III. The
experimental results are demonstrated in Section IV to verify
the proposed methods and implementation of SFLC-OFDM.
Finally, Section V provides the conclusion of this paper.
Notations: Scalars, vectors, and matrices are denoted by
lowercase, boldface lowercase, and boldface capital letters,
e.g., x, x, and X, respectively. x[n] represent the nth element
of x; x[m : n] denotes the vector including from the
mth to nth elements of x. Superscript ∗ denotes complex
conjugate for any scalar, vector, or matrix. ⊗ and ⊕ denote
the element-wise multiplication and addition between two
vectors.

II. SYSTEM AND SIGNAL MODELS
Fig. 1 illustrates the single user 1 × 2 TDD SFLC-OFDM
system [55]. In DL, the BS and the user equipment (UE)
in DL operate as TX and RX, respectively. The BS encodes
data bits to SFLC symbols. Then, the SFLC and preamble
symbols are allocated to the corresponding subcarriers. The
time-domain baseband OFDM signals are transmitted from
the BS to the UE through the wireless channel. The UE uses
the received time-domain preamble signals to synchronize
frame timing and carrier frequency. Then, the data bits are
estimated after SFLC decoding.

The BS and UE operate as RX and TX in UL. The UE
allocates the pilot and preamble symbols to the corresponding
subcarriers. The OFDM baseband signals, including the
preamble and pilot, are transmitted to the BS. Similarly to
the DL, the BS achieves frame timing and carrier frequency
synchronizations. The UL channels between the two UE
antennas and a single BS antenna are estimated using received
pilot symbols. The estimated channels are used for the SFLC
encoding in the subsequent DL communication.

The TDD frame structure is represented in Fig. 2. One
frame consists of four slots. The DL and the UL slots alternate
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FIGURE 1. SFLC-OFDM system block diagram. (a) DL mode. (b) UL mode.

FIGURE 2. Frame structure for TDD communication.

in one frame. The duration of slot and frame are one and four
milliseconds, respectively. One slot consists of 14 OFDM
symbols. The preamble symbols are allocated to the sixth
OFDM symbol in the DL slot. The SFLC symbols are
transmitted through the fifth and from the seventh to the ninth
OFDM symbols. No signals are transmitted during the first
five and last four OFDM symbols to guarantee the marginal
time for DL/UL switching. In the UL slot, the preamble is
assigned to the sixth OFDM symbol in the same manner as
the DL. The pilot symbols are allocated to the fifth (seventh)
OFDM symbol for the zeroth (first) UE antenna. Similarly,
no signals are transmitted with the DL slot through the first
five and last six OFDM symbols for DL/UL switching.

A. OPERATIONS IN DL AND UL COMMUNICATIONS
The BS allocates preamble symbols to the sixth OFDM
symbol in each DL slot. The SFLC symbols are transmitted
through the fifth, and from the seventh to the ninth

OFDM symbols. In SFLC-OFDM systems, the two data
symbols are SFLC encoded as follows [55]:[

X∗k
Xk+1

]
=

1√∣∣H0,k
∣∣2 + ∣∣H1,k

∣∣2
[
Hk,0 Hk,1
H∗k,0 −H

∗

k,1

] [
Dk
Dk+1

]
,

(1)

where Dk and Xk are the kth data and SFLC symbol,
respectively. In this paper, Dk is assumed to be a phase shift
keying (PSK) modulated symbol where no CSIR is required
for the SFLC decoding [30]. Hk,i is the k subcarrier CFR
between the ith UE and BS antennas. It is assumed thatHk,i ≈
Hk+1,i [55], and the channel is static over the two slot duration
and Rician fading. Then, Hk,i is written as follows [66]:

Hi,k = HLOS
i + HSCA

k,i , (2)

where HLOS
i and HSCA

k,i are the line-of-sight (LOS) and
multipath scatter component of Hk,i, respectively. HLOS

i is
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an arbitrary constant; HSCA
k,i is zero-mean complex Gaussian

random variable whose the variance σ 2
H is determined by the

K-factor.
Let N d

= {−d/2, . . . ,−1, 1, . . . , d/2} denote the data
subcarrier index set for the number of data subcarrier d . The
baseband OFDM signals for data transmission are written as
follows [65, Ch. 5, p. 130]:

xn =
1
√
N

∑
k∈N d

Xkej2π
nk
N , n ∈ {0, 1, . . . ,N − 1}, (3)

where xn is the nth OFDM sample in time domain and N is
the fast Fourier transform size.

For the preamble transmission, the primary synchroniza-
tion signal of 5G standard is used whose length is 127 [67].
The preamble symbols are allocated to the DC subcarrier and
either side. No SFLC symbol is transmitted with the preamble
symbols for accurate timing and frequency synchronization.
Thus, the baseband OFDM signals for preamble transmission
are written as follows:

sn =
1
√
N

63∑
k=−63

Skej2π
nk
N , n ∈ {0, 1, . . . ,N − 1}, (4)

where sn and Sk are the nth and kth preamble sample and
symbol in the time and frequency domain, respectively. Here,
Sk ∈ {−1, 1} [67]. After cyclic prefix (CP) insertion to each
OFDM symbol, the DL slot is transmitted to the UE.

In the initial acquisition stage, the UE synchronizes
the received signals using preambles through the zeroth
UE antenna. The frame timing offset δ̂ is estimated from
the correlation between transmitted and received preamble
signals as follows [68]:

δ̂ = argmax
δ

∣∣∣∣∣
N−1∑
n=0

s∗nrn+δ,0

∣∣∣∣∣ , (5)

where rn,0 is the nth sample of the OFDM symbol, including
the preamble signals and CP received through the zeroth UE
antenna. Then, the CFO is estimated as follows [68]:

θ̂ =
1
π
̸

N/2−1∑
n=0

s∗nrn+δ̂,0

 N−1∑
n=N/2

s∗nrn+δ̂,0

 , (6)

where θ̂ ∈ (−1, 1) is the estimated normalized CFO.
Using δ̂ and θ̂ , UE performs the frame and frequency
synchronization [68].

After synchronization and CP removal, the kth SFLC
symbol received through the ith UE antennas, denoted by Yk,i,
is given as

Yk,i =
1
√
N

N−1∑
n=0

yn,ie−j2π
nk
N , k ∈ N d, (7)

where yn,i is the nth sample of OFDM signals including SFLC
sybmols received through the ith UE antenna. Using Yk,i,

the received data symbols are written as follows [55]:[
D̂k
D̂k+1

]
=

[
Y ∗k,0 + Yk+1,1
Y ∗k+1,1 − Yk+1,0

]
. (8)

The data bits are demodulated from {Dk} through the PSK
demapping.

To conduct SFLC encoding in the DL, the CSIT is
required [30]. To this end, the UE transmits the preamble
and pilot symbols in the UL slot. The BS synchronizes
the received signals using preambles and estimates channels
with pilot symbols. In the UL, the preamble symbols are
transmitted in the same way as the DL. Thus, we omit the
details of the UL preamble transmission.

For the pilot symbol transmission, the demodulation
reference signal of 5G standard is used [67]. Let N p

i ,

i ∈ {0, 1}, denote the pilot subcarrier index set involved
with the ith UE antenna. The pilot symbols of the ith UE
antenna are mapped to the subcarriers in N p

i . Then, the
baseband OFDM signals, including pilot and preamble
symbols, are transmitted after the CP insertion. Since CFO
is compensated in the previous DL, the BS conducts only
frame synchronization using the received preamble signals as
in (5). Then, the CFRs between the ith UE and BS antennas
are estimated with the least square method as follows [69]:

Ĥk,i = Qk,iP∗k,i, k ∈ N p
i , (9)

where Pk,i and Qk,i are the kth transmit and received pilot
symbols involved with the ith UE antenna, respectively.
Ĥk,i is the estimated CFR of the kth pilot subcarrier between
the ith UE and BS antennas. To obtain the CFR of subcarriers
inN d, the linear interpolation is applied to {Ĥk,i}with respect
to k for each i [70, Ch. 6, p. 193]. The estimated UL CFRs
are used for the DL SFLC encoding in (1).

B. EFFECT OF IMPERFECT SYNCHRONIZATION AND
RF CHAIN
At each initial acquisition in the DL and UL, the RX
achieves the frame timing at the initial acquisition in the
DL and UL. However, the RX fails to estimate the correct
timing and frequency offset due to the impairments such
as additive noise, sampling clock offset (SCO), and phase
noise [71]. As a result, residual timing and frequency offsets
are present in the received signals. These offsets usually
differ in the DL and UL communications and jeopardize
channel reciprocity. In the presence of residual timing offset,
the received symbols in the frequency domain experience
phase rotation proportional to the subcarrier index. Since the
residual CFO is considerably small after initial frequency
synchronization, its effect can be represented as the phase
offset [70, Ch. 5, p. 161].
In addition to the imperfect synchronization, the channel

reciprocity also breaks down due to the asymmetric RF chain
response in DL and UL [72]. Theoretically, the RF chain
response is frequency dependent. However, it is observed that
the frequency dependency is negligible from the experimental
results of the implemented testbed. Thus, we adopt the
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FIGURE 3. State transition of proposed two-states CFO estimation method.

frequency-independent RF chain response model, which can
bewritten as a single complex coefficient. This study assumes
that amplitude calibration between the BS and two UE
antennas is achieved before communication. Then, the effect
of asymmetric UL and DL RF chain response is represented
as a relative phase offset between the ith UE and BS antennas.

The received SFLC and pilot symbols with imperfect
synchronization and RF chain are approximated as follows:

Yk,i ≈ Xk
(
Hk,iejkφ

DL
)

︸ ︷︷ ︸
effective DL CFR

+WDL
k,i , k ∈ N

d, (10a)

Qk,i ≈ Pk,i
(
Hk,iejkφ

UL
ejψ

UL
i

)
︸ ︷︷ ︸

effective UL CFR

+WUL
k,i , k ∈ N

p
i , (10b)

where φDL and φUL are the phase rotation due to residual
timing offset in DL and UL, respectively. ψUL

i is relative
phase offset between the ith UE and BS antennas in UL.WDL

k,i
andWUL

k,i are additive noise terms in DL and UL, respectively,
involved with the ith UE antenna. It is assumed that WDL

k,i
andWUL

k,i are zero-mean complex Gaussian random variables
with the variance σ 2

w. In (10), it is readily shown that the
phase discrepancy is present between the effective DL and
UL CFRs, resulting in the non-reciprocal channel.

III. PROPOSED SIGNAL PROCESSING METHODS FOR
RECOVERING CHANNEL RECIPROCITY
Under imperfect synchronization and asymmetric DL/UL
RF chain responses, the phase difference between UL
and DL CFRs is represented as multiplicative distortion.
Typically, the multiplicative distortion can be compen-
sated by channel estimation in OFDM systems with
CSIR [73], [74]. As a result, the single-input single-output
(SISO) and 2 × 2 MIMO space-frequency block coded
OFDM systems are implemented without phase distortion
compensation [75], [76]. However, the phase discrepancy
should be compensated in OFDM systems with CSIT
to attain channel reciprocity. To this end, a two-state-
based SFLC-OFDM system and frequency-domain signal
processing methods are proposed in this section. Then,

the considerations for SDR implementation of real-time
operating SFLC-OFDM system are described.

A. TWO-STATE-BASED SFLC-OFDM SYSTEM
As shown in (10), the phase distortion is present in the
frequency domain. An additional frequency-domain signal
processing procedure is necessary to compensate for these
phase terms. However, the CFO usually has a large value
at the initial stage of communication. In this case, any
signal processing in the frequency domain can not be per-
formed due to severe CFO-induced inter-carrier interference
[70, Ch. 5, p. 161]. Thus, the UE and BS should determine
whether the frequency-domain signal processing can be
appropriately conducted under the current CFO. For this end,
we design the two states-based SFLC-OFDM system.

Fig. 3 illustrates the state transition in the proposed
two states-based SFLC-OFDM system. θ th and θhy are
the threshold and hysteresis value, respectively. In the
initial stage of communication, the states of UE and BS
are initialized as unlocked states. At the unlocked state,
other signal processing (namely SFLC encoding, decoding,
channel estimation, and phase distortion estimation) is not
conducted; yet, UE compensates the CFO using θ̂ in every
DL slot. In each DL/UL slot, RX compares θ̂ in (5) with θ th.
If θ̂ > θ th at the unlocked state, RX determines that the
current CFO is too large for stable communication. No state
transition occurs in this case. Otherwise, the state changes
from unlocked to locked. Then, further signal processing is
performed in the frequency domain. Similarly, the state is set
to unlocked if θ̂ > θ th + θhy at the locked state. Here, θhy is
used to avoid carrier frequency fluctuation.

B. PHASE ROTATION ESTIMATION
The residual timing offset can be estimated by computing
a slope from the plot of received preamble symbol phase
differences versus the corresponding subcarrier indices
[65, Ch. 6, p. 147]. The average of phase differences between
the adjacent two preamble symbols can be used to estimate
the slope corresponding to phase rotation [65, Ch. 6, p. 148].
However, this method requires several argument function
invocations, which is burdensome for the real-time operating
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SDR implementation. Furthermore, the additive noise term
can only be converted to the equivalent zero-mean phase
noise under the high SNR assumption [77]. Otherwise, the
zero mean of phase noise terms is not guaranteed. In other
words, the equivalent phase noise terms due to the additive
noise are not averaged out in the low and intermediate SNR
regimes. The direct averaging method of phase differences
has limited noise suppression capability. To resolve these
problems, we proposed the slope estimation method using
two partial average terms of estimated CFR. The phase
rotation is assumed to be estimated using the received
signals with the zeroth UE antenna in DL without loss of
generality. The proposed phase distortion estimation method
is identically conducted at the UE andBS and in everyDL/UL
slot when the state is locked. Thus, we omit UE antenna
index i for notational simplicity and the superscripts UE and
BS in Section III-B.

The average channel response corresponding to the lower-
and upper-frequency bands of the preamble symbol can be
written as follows:

H̄ low
=

1
63

−1∑
k=−63

RkS∗k

=
1
63

−1∑
k=−63

(HLOS
+ HSCA

k )|Sk |2ej(kφ+ψ) +WkS∗k

= e−j64φHLOSejψ
(

1
63

63∑
k=1

ejkφ
)
+ Z low, (11a)

H̄up
=

1
63

63∑
k=1

RkS∗k

=
1
63

63∑
k=1

(HLOS
+ HSCA

k )|Sk |2ej(kφ+ψ) +WkS∗k

= HLOSejψ
(

1
63

63∑
k=1

ejkφ
)
+ Zup, (11b)

where Rk is the kth received preamble symbol. Z low and Zup

are the multipath scatter component plus noise terms given
by

Z low
=

1
63

−1∑
k=−63

HSCA
k ej(kφ+ψ) +WkS∗k , (12a)

Zup
=

1
63

63∑
k=1

HSCA
k ej(kφ+ψ) +WkS∗k . (12b)

Here, it can be readily shown that Z low and Zup are the
zero-mean complex Gaussian with the variance σ 2

z =
1
63 (σ

2
H + σ

2
w). Assuming that Z low and Zup are averaged out,

i.e., σ 2
z ≈ 0, H̄ low is reduced to e−j64φH̄up. Thus, the slope

can be estimated as follows:

φ̂ =
1
64
̸

(
H̄upH̄ low,∗

)
. (13)

The phase rotation is compensated by multiplying e−jkφ̂ to
the received symbol whose subcarrier index is k .

C. PHASE OFFSET ESTIMATION
After phase rotation compensation, the relative phase offset is
estimated at the BS in UL. At first, BS estimates the average
of UL CFR between the zeroth UE and BS antenna using the
received preamble as follows:

H̄UL
0 =

1
127

63∑
k=−63

RULk S∗k , (14)

where superscript UL is used to indicate that RULk is the kth
preamble symbol in UL. Then, the average UL CFR phase
difference between the two UE and BS antennas is computed
as

Hdiff
=

H̃UL,∗
0 H̃UL

1∣∣∣H̃UL,∗
0 H̃UL

1

∣∣∣ , (15a)

H̃UL
i =

∑
k∈N p

i

Qk,iP∗k,i, (15b)

where H̃UL
i is the sum of estimated CFR between the ith

UE and BS antennas. Since phase offset is independent of
the subcarrier index, the relative phase offset terms can be
estimated from the phase of average UL CFR between the
UE and BS antennas. Thus, BS estimates ψUL

i as follows:

ψ̂UL
0 =

̸

(
H̄UL
0

)
, (16a)

ψ̂UL
1 =

̸

(
H̄UL
0 Hdiff

)
. (16b)

By multiplying ejψ̂
UL
i to Ĥk,i in (9), the relative phase offsets

between two UE and BS antennas are compensated.

D. FINE CFO ESTIMATION
The time-domain correlation-based CFO estimation method
typically has a relatively large residual CFO. However, it is
robust to the noise and has a large range of estimable
frequency offset [68]. Furthermore, carrier frequency fluc-
tuation occurs in the CFO tracking stage due to its limited
estimation performance. To resolve the aforementioned
problems, a frequency-domain CFO estimation method is
necessary, typically referred to as fine frequency synchro-
nization [78]. For this end, the fine CFO estimation method is
proposed using the preamble symbols of the two successive
DL slots. In the tth DL slot, UE computes the average CFR
of the preamble symbols received through the zeroth UE
antenna as follows:

H̄DL
0,t =

1
127

63∑
k=−63

RDLk,0,tS
∗
k , (17)

where RDLk,0,t is the kth received preamble symbols with the
zeroth UE antenna in the tth DL slot. Assuming that the
multipath scatter component plus noise terms are averaged
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out, the LOS component is dominant in (17). In the presence
of a CFO, the phase variation of CFR over two successive
DL slots is 2πθ1t1f [79]. Here,1t and1f denote the time
interval between two consecutive DL slots and subcarrier
spacing, respectively. The LOS term is generally static over
a long time in fixed point-to-point communication systems.
Thus, the phase variation is the phase shift corresponding to
the residual CFO, i.e., H̄DL

0,t ≈ ej2πθ1t1f H̄DL
0,t−1. From the

phase difference between the two average CFRs of successive
DL slots, the residual CFO can be estimated as follows:

θ̃ =

̸

(
H̄DL
0,t H̄

DL,∗
0,t−1

)
2π1t1f

. (18)

Depending on the current state, the UE compensates the CFO
using θ̂ and θ̃ in every DL slot.

E. PRACTICAL IMPLEMENTATION OF THE REAL-TIME
OPERATING SFLC-OFDM SYSTEM
Several signal processing methods are proposed to attain
channel reciprocity in previous sections. However, further
considerations are required to implement the real-time
operating SDR. In (13), (16) and (18), the involved esti-
mates, namely phase rotation, offset, and residual CFO, are
obtained through ̸ (·). Thus, the normalization coefficient
in average terms, i.e., 1

63 in (11), and 1
127 in (14) and (17),

have no impact on the performance. By neglecting these
coefficients, each average term in (11), (14), and (17) can
be replaced by summation of received preamble symbols
multiplied by conjugate of transmit preamble symbols so
that the redundant division operations can be avoided. It is
furthermore, considering that Sk ∈ {−1, 1} for all k , only
negation and addition are involved with the summation of the
received preamble symbols, not multiplication and conjugate,
resulting in the reduction of computation time for phase
rotation estimation. Besides, H̄ low and H̄up can be reused to
compute the summation of received preamble CFR in (14)
and (17) to avoid the redundant additions in the relative phase
offset and fine CFO estimation. Algorithm 1 summarizes the
implementation of phase rotation estimation.

As in Algorithm 1, the UL channel estimation with phase
offset compensation can be implemented using the SIMD
after phase rotation compensation. At first, the received pilot
symbols and conjugate of transmit pilot symbols are put
into two buffers. Then, least square channel estimation is
conducted by applying themultiplication to these buffers with
SIMD unit. After that, the relative phase offset is estimated
from the received pilot symbols and stored to buffer. Then,
the phase offset compensation is conducted with the SIMD
by multiplying the buffer with the relative phase offset to the
estimated channel. Implementation of UL channel estimation
with SIMD is represented in Algorithm 2.
Theoretically, power normalization is required in SFLC

encoding to meet the power constraint. However, an auto-
matic gain controller controls TX power in a practical

RF chain. Thus, the normalization 1/
√∣∣Hk,0∣∣2 + ∣∣Hk,1∣∣2

Algorithm 1 Implementation of Phase Rotation Estimation
1: Inputs: Received preamble symbols Rk .
2: Outputs: Phase rotation φ, sum of preamble CFR H̄ .
3: H̄ ← 0
4: for kfrom− 63to63 do
5: if Sk > 0 then
6: H̄ ← H̄ + Rk .
7: else
8: H̄ ← H̄ − Rk .
9: end if

10: if k = 0 then
11: H̄ low

← H̄ .
12: end if
13: end for
14: H̄up

← H̄ − H̄ low.
15: φ← 1

64
̸
(
H̄upH̄ low,∗

)
.

Algorithm 2 Implementation of UL Channel Estimation
1: Input: Received pilot symbol vector qi, transmit pilot

conjugate vector p∗i , sum of preamble CFR H̄ .
2: Output: Estimated UL channel vector ĥi.
3: Compensate the phase rotation of received pilot symbols

based on Algorithm 1.
4: for ifrom0to1 do
5: H̃i← 0.
6: for mfrom0to|N p

|/L − 1 do
7: b0← qi[mL : (m+ 1)L − 1].
8: b1← p∗i [mL : (m+ 1)L − 1].
9: ĥi[mL : (m+ 1)L − 1]← b1 ⊗ b0.

10: H̃i← H̃i +
∑(m+1)L−1

n=mL ĥi[n].
11: end for
12: end for
13: Hdiff

← H̃∗0 H̃1/|H̃∗0 H̃1|.
14: 9UL

0 ← H̄/|H̄ |.
15: 9UL

1 ← 9UL
0 Hdiff.

16: for ifrom0to1 do
17: b2←

[
9UL
i 9UL

i ... 9UL
i

]
∈ C1×L .

18: for mfrom0to|N p
|/L − 1 do

19: b3← ĥi[mL : (m+ 1)L − 1].
20: ĥi[mL : (m+ 1)L − 1]← b3 ⊗ b2.
21: end for
22: end for

in (1) is not necessary. By neglecting this term, unnecessary
division operations can be avoided. Furthermore, since only
multiplication and addition are involved in both SFLC
encoding and decoding, these procedures can be implemented
using the SIMD similarly with Algorithms 1 and 2.

To compensate the CFO, the phase shift corresponding to
the frequency offset can be multiplied by the received signal
in the time domain, which is referred to as the time-domain
derotator [65, Ch. 6, pp. 158–159]. However, this method
requires several multiplications, which is onerous to the
real-time SDR implementation. For this reason, the CFO is
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FIGURE 4. Illustration of SIMD executing the same four operations.

FIGURE 5. The testbed for experimental evaluation.

FIGURE 6. The architecture of the baseband software.

compensated by directly adjusting the carrier frequency of
the USRP device in the SDR implementation. At the initial
stage of communication, the estimate of the CFO can be
substantial. Directly adjusting such a large frequency can
make the RF chain unstable [80]. Thus, the UE compensates
the CFO by fixed increment, not the estimated CFO. For the
fast state transition from unlocked to locked, the increment
value is set to relatively large at the unlocked state. While the
small value of the increment is used at a locked state to avoid
carrier frequency fluctuation.

IV. EXPERIMENTAL EVALUATION WITH A REAL-RIME
TESTBED
For evaluating the performance of the proposed SFLC-OFDM
system, we have implemented a testbed as depicted in Fig. 5.
The testbed enables real-time channel estimation, SFLC
transmission, and reception by utilizing signals transmitted
over the air. Each node in the testbed serves as the BS or UE
and consists of a PC running the necessary baseband software
and a USRP B210 device. The USRP B210 device emits
wireless signals generated by the baseband software and also
samples and converts wireless signals into baseband signals
which the baseband software can process. To ensure channel
reciprocity, each USRPB210 device utilizes the same TX/RX

TABLE 1. The parameters of the experiments.

FIGURE 7. UL and DL processing time at the TX.

port for both DL and UL operations. This configuration
ensures that both signal transmission and reception are
performed using the same antenna and RF chain. Table 1
provides the configuration of the testbed hardware and the
frame parameters used in the experiments.

The proposed signal processing methods are implemented
on the baseband software. The overall architecture and
interactions of the baseband software are illustrated in Fig. 6.
The baseband software consists of three main threads: virtual
TX (vTX), virtual RX (vRX), and virtual RF (vRF). The
vRF thread controls the USRP B210 device, while the vTX
and vRX threads handle signal processing at the baseband
level. The vRF interacts with the vTX and vRX threads
through TX and RX buffers. In the TX thread, the vTX
processes the UL signal for channel estimation and generates
the baseband signal for SFLC symbol transmission. Before
SFLC encoding, the vTX derives Hk,0 and Hk,1 from the
RX buffer, which contains the samples of the UL signal
provided by the vRF.

The vTX then generates SFLC symbols based on Hk,0 and
Hk,1 and stores them in the TX buffer. In the DL slot, the
vRF passes the contents of the TX buffer to the USRP B210
device. The vRX handles the received baseband signal in
the RX thread for SFLC symbol decoding. Additionally, for
CSIT, the vRX generates the samples of the UL signal via the
TX buffer. The vRF then passes these samples to the USRP
B210 device to emit the signal in the UL slot.
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FIGURE 8. An example snapshot of the channel phase estimation.

A. THE UNIT-LEVEL PERFORMANCE OF THE PROPOSED
METHODS
We first observe whether the proposed methods properly
operate in real-time when implemented on the testbed.
Fig. 7 depicts the measured processing time for the channel
reciprocity recovery and SFLC encoding on the TX side.
We compared the measured time of our implementation
with a Single Input Single Output (SISO)-OFDM system
without the proposed methods. Despite the proposed meth-
ods’ additional compensation procedures, the overall signal
processing time increase is approximately 13µs. This amount
of time can be effectively managed, considering the duration
of the UL-to-DL switching time. The overall time for
processing UL signals and generating SFLC symbols should
be shorter than the UL-to-DL switching time. Based on
the frame structure, the UL-to-DL switching time is 285µs,
corresponding to the duration of the 4 OFDM symbol, which
is significantly larger than the time increment introduced
by the proposed methods. The results thus demonstrate that
the implementation can process the proposed methods in
real-time. The results also indicate that the low-complexity
designs of channel estimation and SFLC encoding contribute
to the realization of the SFLC-OFDM system.

We then examine how the proposed methods recover phase
reciprocity in a specific case. Fig. 8 presents an example of
CFRs for 24 subcarriers, illustrating the significance of phase
reciprocity recovery. In this experiment, BS temporarily
transmits pilot symbols in DL slots so that UE can estimate
DLCFR. Hence, Ĥk,i is estimated via UL signal processing at
the BS, and Hk,i is estimated via DL signal processing at the
UE. The dashed line shows the observed CFRs at the antenna
ports before the phase reciprocity recovery. The channel
for each antenna port and subcarrier index experiences a
different amount of phase rotation caused by residual timing
offset and CFO, resulting in various phases across the

antenna ports. This implies that the DL and UL CFRs phases
are not identical. On the other hand, the CFRs observed
after the phase reciprocity recovery, depicted as solid lines,
remain consistent across both antenna ports and subcarrier
indices.

This fact indicates effective compensation for the phase
rotations caused by residual timing offset and CFO, and
also validates the proper realization of channel reciprocity in
the SFLC-OFDM system. The phase reciprocity recovery is
essential for accurate channel estimation and data transmis-
sion with minimal distortion.

Finally, we assess the proposed methods’ effectiveness
from a statistical perspective. Fig. 9 illustrates theNormalized
Mean Square Error (NMSE) for channel estimation obtained
by the proposed methods across different SNR environments.
The error is calculated during this evaluation by comparing
the measured CSIT with the CSI measured at the RX. The
results indicate that the error between the CSIs at the TX
and RX decreases with increasing SNR. This observation
indicates that the proposed methods effectively recover phase
reciprocity from a functional perspective. Additionally, the
NMSE becomes smaller than 1% and reaches a sufficiently
low value when the SNR exceeds 10dB. This implies that
the proposed methods reliably ensure phase reciprocity
in the SFLC-OFDM system, particularly in moderate
SNR regimes.

B. THE DECODING PERFORMANCE OF THE SFLC-OFDM
SYSTEM
We evaluate the decoding performance of the proposed
SFLC-OFDM system with the proposed methods at a system
level. We compare it with the conventional SISO-OFDM
system that utilizes CSI at the receiver. We also compare it
with the SISO-OFDM system that utilizes CSIT based on
the proposed signal processing methods. This comparison
is for observing whether the channel reciprocity made
by the proposed methods is valid for a SISO-OFDM
environment.

In addition, we evaluate the decoding performance of var-
ious SFLC-OFDM systems. We compare the SFLC-OFDM
systems with and without the proposed methods. This
comparison will show how the proposed methods impact
the overall decoding performance in an SFLC-OFDM
environment. We also compare the SFLC-OFDM systems
with and without amplitude calibration. SFLC encoding
and decoding processes significantly depend on the ratio of
|Hk,0| and |Hk,1|. Therefore, the amplitude of CFRs for DL
and UL should match so that the ratio of |Hk,0| and |Hk,1|
is consistent for SFLC encoding and decoding processes.
During the amplitude calibration, we adjust the gains of
TX and RX chains for antenna ports so that the ratio of
|Hk,0| and |Hk,1| is the same for DL and UL.
The quality of the symbol encoding and decoding is

evaluated based on the error vector magnitude (EVM) of
decoded symbols in the SFLC-OFDM system, defined as
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FIGURE 9. NMSE of the estimated CSI for DL and UL.

FIGURE 10. EVM of the decoded SFLC symbols.

follows:

EVMRMS =

√√√√√√E


∣∣∣Xk − X̂k ∣∣∣2
|Xk |2

. (19)

Fig. 10 presents the measured EVM for 12,552 decoded
symbols. If the proposed methods are not applied, the
EVM does not sufficiently decrease, particularly in higher
SNR regimes. However, when the proposed methods recover
channel reciprocity, the EVM improves as SNR increases.
These results demonstrate that the proposed methods for
recovering phase reciprocity significantly enhance symbol
accuracy. Furthermore, the results prove the necessity
of amplitude calibration and the proposed methods. The
amplitude calibration brings about 4dB SNR gain based
on −20dB EVM.

FIGURE 11. The SER for various systems.

Fig. 11 presents the Symbol Error Rate (SER) performance
of the SFLC-OFDM and SISO-OFDM systems. The symbol
error is determined by comparing the Maximum Likelihood
(ML) hard-decision results and the transmitted symbols. The
results show that the SFLC-OFDM systems without the
proposed methods exhibit higher symbol error rates than
the conventional SISO-OFDM systems. This highlights the
significance of channel reciprocity in minimizing symbol
errors. The non-reciprocal channel introduces impairment
limiting the system’s ability to gain full diversity. On the other
hand, the SFLC-OFDM system with the proposed methods
and amplitude calibration demonstrates lower symbol error
rates and approaches the ideal performance. This indicates
that the SFLC-OFDM system can gain sufficient diversity
when both amplitude and phase reciprocities are achieved.
Therefore, the proposed methods are significant to achieve
the best performance regarding symbol error rate and obtain
the potential diversity gain offered by SFLC.

Fig. 11 also presents the impact of the proposed
methods on the performance of SISO-OFDM systems.
If the SISO-OFDM system utilizes CSIT by the proposed
methods, it performs significantly better than the conven-
tional SISO-OFDM system with CSIR when the SNR is
above 8.34 dB.

The enhanced performance is attributed to the proposed
methods’ accurate residual timing offset and CFO estimation.
This consequently shows that the proposed methods can
enhance error performance in other systems with various
antenna configurations.

V. CONCLUSION
This paper presents the realization of an SFLC-OFDM
system and illustrates the significance of the recovery
of channel reciprocity to the SFLC-OFDM system. The
SFLC-OFDM system designed in this paper establishes
bidirectional channel symmetry between the DL and UL
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and can utilize precise CSIT in the SFLC-OFDM system.
It incorporates accurate synchronization methods in fre-
quency and time domains to achieve phase reciprocity
between DL and UL CFRs. For real-time signal processing,
it also utilizes a low-complexity encoder and decoder capable
of performing SFLC encoding and decoding within the
UL-to-DL switching duration. The SFLC-OFDM system
is implemented on a real-time operating testbed consisting
of USRP B210s and PCs for performance evaluation. The
experimental results obtained from the testbed demonstrate
the successful restoration of channel reciprocity, as evidenced
by achieving lower limits of EVM and SER performance in
a practical implementation environment.

The realization of an SFLC-OFDM system can be a
good guide for various MIMO systems utilizing CSIT. The
proposed methods provide more accurate channel estimation
in the SFLC-OFDM system and enhance overall system per-
formance. For future works, this real-world implementation
study can be extensively applied to large-scale MIMO sys-
tems encompassing multiple users. In addition, an automated
calibration method needs to be investigated so that DL and
UL channel gains are precisely and adaptively matched. The
experimental results in this paper have presented that decoded
symbols in the SFLC-OFDM system have significantly less
EVMafter rough recovery of amplitude reciprocity via the RF
calibration. An advanced method that can estimate amplitude
non-reciprocity more precisely would enable the system to
compensate for the phase error of decoding symbols.
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