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ABSTRACT The 6 GHz band plays a crucial role in the development of the 6G. A profound comprehen-
sion of channel reciprocity is essential for designing time division duplexing/frequency division duplexing
(TDD/FDD) systems within this band. Firstly, in an indoor corridor scenario, precise and impartial measure-
ments are conducted for both the uplink (UL) and downlink (DL) channels in the 6 GHz band; A denoising
algorithm is proposed to extract multipath components (MPCs) from the measurement data, enabling a
more equitable assessment of channel reciprocity; Then, a comprehensive analysis of channel reciprocity
has been conducted, focusing on four aspects: path loss, delay spread, cluster-based correlation coefficient
(CBCC), and multipath power dissimilarity (MPD). The findings indicate that TDD systems demonstrate
nearly perfect reciprocity, whereas FDD systems exhibit partial reciprocity in indoor scenarios. Specifically,
in TDD systems, the CBCCs between UL and DL exceed 95%, while in FDD systems, they fluctuate
between 80% and 90%. Additionally, a model has been provided to depict the relationship between MPD and
center frequency, as well as frequency interval; Finally, a comparative analysis of measured and ray-tracing
simulated results reveals the presence of numerous public MPCs, which share the same propagation delay
and spatial angle between the UL and DL in FDD systems, as well as private MPCs that exist exclusively in
either the UL or DL. They collectively influence the channel reciprocity.

INDEX TERMS 6G, 6 GHz band, channel measurement, channel reciprocity, frequency division duplexing
(FDD), time division duplexing (TDD).

I. INTRODUCTION Conference in 2023 [3]. This pivotal step signifies a

The success of the 6G will hinge on the integrated exploitation
of spectrum across various frequency ranges, encompassing
sub-6 GHz, new mid-band, millimeter-wave (mmWave), and
terahertz bands. In order to strike a balance between capac-
ity and coverage, it is imperative to fully leverage the new
mid-band within the 6-15 GHz frequency range [1]. Notably,
the 6 GHz band, spanning from 5925 to 7125 MHz, consti-
tutes a pivotal component of the new mid-band spectrum [2].
The International Telecommunication Union (ITU) is set to
deliberate on the potential identification of International Mo-
bile Telecommunications (IMT) within the frequency band
of 6.425-7.125 GHz at the World Radiocommunication

monumental achievement in the establishment of IMT al-
location for the 6 GHz band, paving the way for it
to be considered a prospective frequency band for 6G
networks.

Previous generations of mobile communication systems
have predominantly utilized two duplex technologies: time
division duplexing (TDD) and frequency division duplexing
(FDD) [4]. In FDD systems, a pair of bands is designated for
both downlink (DL) — where the base station (BS) transmits
and the user equipment (UE) receives signals — and uplink
(UL), where the UE transmits and the BS receives signals. In
contrast, TDD systems do not require a pair of bands. They
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utilize different time slots within the same frequency band to
differentiate between the DL and UL.

Channel reciprocity refers to the property in wireless com-
munication where the characteristics of the UL and DL
channels between two nodes are symmetric or equivalent [5].
This means that the fading and propagation properties experi-
enced by transmitted signals are the same in both directions.
The reciprocity between UL and DL channels stands as a
primary determinant influencing the distinct developmental
trajectories of these two duplex technologies. Many studies
perform channel estimation based on the reciprocity of the
channel [6], [7]. When the UL and DL channels exhibit reci-
procity, the channel state information (CSI) of the DL can
be obtained through channel estimation based on UL pilots.
When reciprocity is lacking between the UL and DL channels,
it introduces challenges in implementing the acquisition pro-
cess for DL CSI. This non-reciprocity stems from two primary
factors [8]. First, UL and DL operate on different frequency
bands, and the varying propagation characteristics of elec-
tromagnetic waves contribute to a non-reciprocal propagation
channel. Additionally, The asymmetrical characteristics of the
radio frequency transmission and receiving chains also con-
tribute to the non-reciprocity of radio channels [9].

It is conventionally held that TDD systems exhibit reci-
procity, while FDD systems do not [10]. In addressing the
challenge of non-reciprocal channel estimation, numerous
scholars have contemplated whether it is feasible to directly
infer the DL CSI from the observed information on the
UL channel [6], [11]. One key approach is to extrapolate
the physical parameters from the UL channel, identifying
frequency-related parameters. This enables the reconstruction
of the DL channel based on the information obtained from the
UL channel [7], [12]. Consequently, it is of considerable im-
portance to investigate the reciprocity of TDD/FDD systems
in the 6 GHz band.

Various studies have analyzed the reciprocity of TDD/FDD
systems through extensive channel measurements. In TDD
systems, factors such as human movement, vehicular traf-
fic [13], transceiver environments, and antenna height [14]
can disrupt channel reciprocity. Furthermore, the analysis of
the channel matrix obtained from measurements of the TDD
prototype system indicates that as the channel from line-of-
sight (LoS) to partial obstruction by foliage, and further to
full-blocked non-line-of-sight (NLoS), the channel correlation
gradually diminishes [15]. Regarding FDD systems, channel
measurements demonstrate that the azimuth angle of arrival
for the main propagation paths at 1935 and 2125 MHz in
the UL and DL bands respectively are approximately the
same. This substantiates the existence of spatial reciprocity
between the adjacent bands [16]. In a study [17], it is deduced
that all multipath parameters—angle, delay, and complex fad-
ing factor (amplitude)-between UL and DL channels remain
frequency-independent, affirming their reciprocity. Neverthe-
less, theoretical analysis has established that not all multipath
parameters for DL and UL channels are identical. This the-
oretical insight has been substantiated through a channel
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measurement campaign, demonstrating the presence of partial
reciprocity [18].

The existing literature attempt to address the question of
whether the UL and DL channels in TDD/FDD systems ex-
hibit reciprocity. However, there is no consensus on whether
TDD/FDD systems are reciprocal. This stems from several
factors: first, the accuracy and impartiality of the channel
measurement campaigns are lacking. These measurements do
not sufficiently eliminate the influences of radio frequency
links and transceiver antennas [15], and fail to ensure the
static nature of the measurement scenarios [14]; Second,
an inequitable post-processing of channel measurement raw
data introduces bias in reciprocity analysis. For instance,
the extraction and denoising of channel impulse response
(CIR) [19]; Additionally, assessing reciprocity solely from
a single aspect or metric makes it challenging to accurately
determine channel reciprocity [20]; Finally, there has not been
a sufficiently in-depth exploration of the factors influencing
reciprocity from the perspective of physical propagation of
radio waves, particularly in terms of multipath components
(MPCs). Most of the existing studies focus on channel statis-
tical characteristics, encompassing path loss, shadow fading,
root mean square (RMS) delay spread, angle spread, and oth-
ers [14], [16], [18]. However, the power delay profile (PDP)
and power angular delay profile (PADP), which carry infor-
mation about parameters such as multipath power, delay, and
angles, have not been thoroughly investigated. These parame-
ters are better aligned with the application demands of channel
reciprocity in channel estimation.

Therefore, we design and conduct precise and impartial
channel measurements in the 6 GHz band within indoor
corridor scenarios. Subsequently, a denoising algorithm is
proposed to extract MPCs from the CIR. Then, based on the
processed data, a comprehensive analysis of the reciprocity is
performed from four aspects: path loss, delay spread, corre-
lation coefficient, and multipath power differences. Finally,
factors influencing reciprocity are then expounded upon in
terms of multipath propagation. The primary contributions of
this article can be summarized as follows:

® A precise and impartial channel measurement campaign
for both UL and DL has been designed and implemented
in the 6 GHz band. It provides a reliable channel mea-
surement database crucial for the reciprocity analysis
of TDD/FDD systems. Additionally, a CIR denoising
algorithm has been proposed, further enhancing the
groundwork for a more equitable exploration of channel
reciprocity.

e A comprehensive analysis of reciprocity between the
UL and DL channels in TDD/FDD systems is con-
ducted, considering four aspects: path loss, delay spread,
correlation coefficient, and multipath power dissimilar-
ity (MPD). The findings indicate that TDD systems
demonstrate near-perfect reciprocity, while FDD sys-
tems display partial reciprocity. Furthermore, a model
has been developed to depict the MPD’s dependence on
center frequency and frequency interval.
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FIGURE 1. Diagram of UL and DL channel sounder.

e Ray-tracing simulations with the same configurations as
the measurements are conducted to provide multipath
parameters and propagation trajectories for the analysis
of reciprocity’s influencing factors. It can be inferred that
in FDD systems, there are numerous public MPCs in
both the UL and DL channels, sharing the same propaga-
tion delay and angle, as well as private MPCs that exist
exclusively in either the UL or DL. These collectively
influence channel reciprocity.

The subsequent sections of this article are organized as
follows: Section II provides an overview of channel mea-
surement and data processing. In Section III, a denoising
algorithm for CIR is proposed. Section IV delves into a com-
prehensive analysis of channel reciprocity. Section V analyzes
the factors influencing channel reciprocity, focusing on multi-
path delay and angle. Finally, the conclusion of this article is
drawn in Section VI.

Il. CHANNEL MEASUREMENTS AND DATA PROCESSING
Channel measurements serve as a direct and efficient approach
for acquiring channel characteristics [21], [22]. This section
outlines a channel reciprocity measurement campaign con-
ducted in the 6 GHz band in indoor corridor scenarios, along
with the associated data processing procedures. The UL and
DL channels are acquired through the reciprocal swapping of
roles between the transmitter (TX) and receiver (RX).

A. CHANNEL MEASUREMENTS

During the channel measurements, a wideband correlation-
based time-domain channel sounder is utilized, with the
structure of the measurement system depicted in Fig. 1. The
pseudo-random (PN) sequence is adopted as the sounding sig-
nal for its superior approximation to the Dirac delta function
in autocorrelation, in addition to its straightforward generation
process and wide dynamic range [1], [23]. On the TX side, the
signal generator sequentially generates a PN sequence at four
center frequency bands (6, 6.5, 7, and 7.5 GHz). On the RX
side, the spectrum analyzer captures and records signals from
these four frequency bands for subsequent analysis. Due to the
separation of the time-domain channel sounder between the
TX and RX, it is imperative to establish connections for trig-
ger synchronization and frequency synchronization, thereby
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TABLE 1. Measurement Configuration

Parameter Value
Center frequency 6 GHz 6.5 GHz
7 GHz 7.5 GHz
Bandwidth 200 MHz
PN sequence length 511
Sampling rate 200 MSa/s
Delay resolution 5 ns

BS/UE antenna type Discone / Discone (Horn)

BS/UE antenna height 195m/ 13 m
Horn antenna azimuth HPBW 30°
Horn antenna rotation step 5°

ensuring the precision and consistency of UL and DL chan-
nel measurements. In order to expand signal coverage and
enhance the signal-to-noise ratio (SNR), a power amplifier
and low-noise amplifier are integrated into the TX and RX,
respectively [24]. Additionally, calibration is necessary after
the sounder is assembled to remove the system response.

Unlike traditional channel characteristics studies that only
require measuring the DL channel, this article necessitates
measurements of both the UL and DL to investigate their
reciprocity. Consequently, both the BS and the UE assume
the roles of TX and RX. However, the channel sounder is
only capable of single-link (either UL or DL) measurements
and cannot support double-link (both UL and DL) channel
measurements where BS/UE simultaneously transmit and re-
ceive signals. Consequently, measurements of the UL and DL
channels are conducted separately. After completing the UL
measurements (i.e., the UE connected to the channel sounder’s
TX, and the BS connected to its RX), DL measurements are
then conducted (i.e., BS connected to the TX and UE con-
nected to the RX). It is important to note that the antennas
of the BS and UE remain unchanged during this process.
The switching of TX and RX is conducted without powering
down to ensure consistent performance of the channel sounder
during both UL and DL measurements.

Two measurement cases are designed. In the first case,
discone antennas are employed on both the BS and UE to
capture omnidirectional MPCs. In the second case, while the
BS still uses a discone antenna, the UE utilizes a rotating
horn antenna with a half-power beamwidth (HPBW) of 30°
to further obtain angular information of MPCs. Details of the
experimental setup are listed in Table 1.

The channel measurements are carried out within an indoor
corridor situated on the 9th floor of the research building at
Beijing University of Posts and Telecommunications. This
indoor corridor is selected for its abundance of MPCs, and
it presents a more challenging environment for achieving UL
and DL channel reciprocity [25]. As depicted in Fig. 2, the
corridor features a rectangular structure with a dimension of
52 m (length) by 2.08 m (width) by 2.2 m (height). The
sidewalls are constructed from concrete and painted with lime.
The ceiling is comprised of plasterboard, and the floor is tiled.
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(b)

FIGURE 2. Measurement photographs taken in (a) the LoS scenario, and
(b) the NLoS scenario.

The floor-to-ceiling windows are positioned at both the front
and rear ends of the corridor. Furthermore, along the two
sidewalls, there are 15 closed office doors and five pilasters.
The measurement layout is illustrated in Fig. 3. In this
figure, the red and blue pentagrams represent the positions
of the BS for LoS and NLoS scenarios (with the NLoS BS
located deep within the L-shaped corridor), respectively. The
circles indicate the positions of the UE. All circles indicate
LoS points, while the blue-red circles denote NLoS points in
case 1. Additionally, the circle marked with a checkerboard
texture serves as a horn antenna rotation point in case 2.
There are a total of 13 UE measurement points for the LoS
scenario and 7 for the NLoS scenario, with distances between
the BS and UE ranging from 4 to 40 m. The distance between
two adjacent UE measurement points is 3 m, except for the
first and second points. Moreover, it is worth noting that the
channel reciprocity measurements require a completely static
environment. As a result, the measurement campaigns are
carried out in an unoccupied corridor during nighttime.

B. DATA PROCESSING

The wireless channel is commonly characterized through the
double-directional CIR, which is typically mathematically
modeled as a summation of MPCs [26]

L
h(t, T, Qr, Q)= Y_ 1) e 79V8 (t —7(1))
=1

8 (Qr — Q1)) 8 (R — Qru(1)) )]

where L is the number of MPCs. The formula includes the
complex amplitude (amplitude 8 and phase ¢, the delay 7, the
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angle of arrival (AoA) Qg, and the angle of departure (AoD)
Qr, all of which depend on the absolute time, 7. The direc-
tional CIR, A(z, t, Qr) or h(t, T, Qr), is the angle-integrated
double-directional CIR. The omnidirectional CIR, h(t, 7), is
the angle-integrated directional CIR.

In real channel measurements, the CIR can be obtained by
dividing the received signal by the calibration signal in the
frequency domain, followed by an inverse Fourier transform
(detailed in [1], [27], [28]). The multi-sample omnidirectional
CIR, h(t, t), is obtained when both the BS and UE utilize om-
nidirectional antennas in this article. The PDP is the squared
magnitudes of the omnidirectional CIR, depicting the multi-
path power distribution over the delay. It can be calculated as

PDP (z,7) = ||h(z, T)||%, (2)

where || - || denotes the 2-norm operation. To mitigate the im-
pact of channel noise fluctuations on the extraction of MPCs,
averaging is applied to multiple samplings of the PDP. The
averaged power delay profile (APDP) can be expressed as

Nsnap

> PDP(r.7). 3)

snap Ty

APDP(7) =

where Ngp,p is the number of sampled snapshots.

The multi-sample directional CIR, h(t, t, Qg) or h(z,
7, Q7), can be obtained when the BS deploys an omnidirec-
tional antenna while the UE employs a directional antenna
for rotational measurements in this article. The directional
antenna acts as a spatial filter for MPCs, capturing MPCs
within the HPBW. In the UL, rotating UE directional antenna
during channel sounding yields A(¢, T, Q7 ), while in the DL,
h(t, T, Qr) can be obtained. Since the measurement process
involves only horizontal rotation of the directional antenna,
the resultant angles correspond exclusively to azimuth angles
¢, namely, the azimuth angle of departure (AAoD) and the
azimuth angle of arrival (AAoA). Likewise, the power angular
delay profile (PADP) signifies the multipath power distribu-
tion over angular and delay domains [29], [30]. In the UL and
DL, they can be expressed as

Ngna
PADPV (r ¢AA°D) _ LS (t T ¢AA°D)‘2
Nsnap p s L )
Nsnap 2
PADPP (r, ¢AA°A) =— S n (z, z, ¢AA°A) H @)
Ninap P

IIl. SEGMENTED THRESHOLD DENOISING ALGORITHM

The raw channel measurement data encompasses both thermal
noise from the measurement instrument and electromagnetic
interference from the surroundings, both of which impinge on
the accuracy of channel reciprocity analysis. It is imperative
to extract MPCs from the raw data through effective denois-
ing methods. Typically, conventional methods rely on noise
thresholds to differentiate between noise and MPCs. Specif-
ically, delay bins exhibiting power levels below the noise
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FIGURE 4. Examples of PDP denoising at (a) high SNR and (b) low SNR.

threshold are considered as noise [31]. The noise thresholds
are commonly derived through the utilization of the noise
floor reference method and peak drop method. Reference [32]
investigates several noise floor reference methods and pro-
poses a recommended value that surpasses the mean noise
(or noise floor) of the PDP by 6 dB. Additionally, in accor-
dance with ITU-R P.1407-3 [33], a reduction of 20 dB in the
peak power of the PDP is regarded as the established noise
threshold.

When employing the correlation-based time-domain chan-
nel sounder, the noise floor is influenced by factors such as
the propagation environment between the TX and RX, the
length of the transmitting PN sequence, and the inherent ther-
mal noise of the sounder. As shown in Fig. 4, examples of
the APDP are illustrated under high and low SNR condi-
tions, obtained through measurements conducted in LoS and
NLoS scenarios. The y-axis “power” refers to the received
power relative to the transmitted power, clarifying its unit: dB.
Under high SNR conditions, the power difference between
the peak power and the noise floor amounts to 51.67 dB.
This approximates the correlation gain of the PN sequence
(20log;((511) ~ 54.17 dB). In contrast, the power difference
between the peak power and the noise floor is only 35.31 dB at
low SNR. The noise dynamic range (NDR), which represents
the ratio of the maximum and minimum power values of the
noise, is approximately 5-10 dB at high SNR. In contrast,
it can extend to 25-35 dB at low SNR. It can be broadly
understood that the NDR is contingent upon the SNR of
the channel. Thus, the noise threshold can’t be universally
generalized. Additionally, using the noise threshold alone is
insufficient for removing noise spikes, as shown in the red dot
in Fig. 4.
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Algorithm 1: Segmented Threshold Denoising.

Input: The raw APDP P
Output: The denoised APDP P
1 Initialize P = empty matrix;
/I Step 1: Segment APDP
2 for 1 <5 <M do
3 stub:[P((j_l)S+1)7"'7P(js)];
4 end

/I Step 2: Calculate the noise threshold Pypreshold
5J= argmln(z sub) ;

6 Obtain Pthreshold such that
Pr(Ps{lb < Pthreshold) =1- C )

/I Step 3: Assess the effectiveness of each delay bin
7 for 1 <7 <M do

(I) - {S| sub( ) > Pthreshold };
Flag( j) = {card(®;) > 7S} ;

10 end
1 Flag(M + 1) = True ;

12 for 1 <7 <N do

13 if Flag( [Z]|) = True and P(7) > Pyhreshold
then

14 | IsEff(T) = True ;

15 else

16 | IsEff(r) = False ;

17 end

18 end

/I Step 4: Calculate denoised APDP
19 P=TsEfo P ;

To address the aforementioned issues, we propose the
Segmented Threshold Denoising (STDN) algorithm. This al-
gorithm adapts to the NDR for determining the noise threshold
and removing noise spikes, as demonstrated in Algorithm 1.
In Algorithm 1, N represents the length of the sampling se-
quence, which is twice the length of the PN sequence and
is 1022 in this article. M denotes the number of segments. S
represents the number of delay bin samples in each segment,
where S =|N/M], with || denoting the floor function for
rounding down. Pgyeshola stands for the noise threshold. &
represents the noise constant false alarm rate (CFAR), while
n indicates the tolerable noise spike ratio. “©®” denotes the
Hadamard product.
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The APDPs are used for denoising because they can
provide an intuitive representation of the characteristics of
MPCs and offer reduced complexity compared to using CIR.
The APDP can be expressed as follows:

P = [APDP(1), ..., APDP(7), ..., APDP(N)lixn. (5)

Step 1. Segment APDP: Segmentation plays a crucial role
in both determining the noise threshold and removing noise
spikes. On the one hand, we obtain pure noise through seg-
mentation. On the other hand, segmentation can be employed
to remove noise spikes. We divide the APDP into M segments.
After theoretical analysis and experimental validation [34], it
is recommended to consider a range of values for segmen-
tation as [5, [N/30]]. In this article, the median within this
range, i.e., 20 segments, is selected.

Step 2. Calculate the noise threshold: During the channel
measurement, the transmitting sequence is intentionally de-
signed with sufficient length, ensuring the reception of all
MPCs. Consequently, the subsequent segments of the received
sequence do not contain MPCs, but rather noise. Therefore,
we select the segment P;{lb within which the summation of
power across all delay bins is minimized, considering it as the
representation of pure noise for this measurement.

The real and imaginary parts of the noise are usually as-
sumed as independent Gaussian random variables with zero
mean and equal variance, i.e., Xz, X; ~ N (0, 02). o denotes
the variance of the distribution. The probability density func-
tion (PDF) of noise power (i.e., the square of the noise
modulus |Xg + iX;|?) conforms to an exponential distribu-
tion [35]. Unlike conventional methods that employ the noise
floor with an added margin as a fixed noise threshold, we
adopt the CFAR, a well-known method in radar applica-
tions [36], [37], to determine the noise threshold. This method
enables the noise threshold to dynamically adjust according
to the NDR of the channel measurement data. The probability
(i.e., CFAR &) of noise power exceeding some level can be
derived from the fact that the PDF follows an exponential
distribution, and is given by

Pihreshold
§= eXP( 792 ) (6)
The noise threshold can be deduced as Pipreshoid[dB] =
1Olog10(—202 In(&)). The delay bins with power lower than
the noise threshold are considered as noise. This offers in-
terpretability and equity compared to the previous methods.
For the measured data, the power at which the cumulative
probability of the cumulative distribution function (CDF) of
all sampling points in the noise segment stub reaches 1 — &
is considered the noise threshold. To effectively filter out the
majority of noise and diminish the likelihood of mistaking
low-power multipath as noise, it is recommended to set the
CFAR between 1% and 5%. We opt for 1% in this article.
Step 3. Assess the effectiveness of each delay bin: There
is no well-established solution to effectively remove noise
spikes slightly exceeding the noise threshold. Effectiveness
assessment for each segment can address this issue. The two

VOLUME 5, 2024

consecutive noise samples are essentially uncorrelated. As
a result, larger noise spikes are likely to be present in just
one delay bin that surpasses the noise threshold, while sam-
ples containing MPCs will likely occupy multiple consecutive
delay bins surpassing the noise threshold with a high probabil-
ity [37]. Consequently, the effectiveness of a segment can be
determined by evaluating the ratio of the number of samples
surpassing the noise threshold to the total number of samples
in that segment. If this ratio is smaller than 7, the segment is
considered ineffective; otherwise, it is deemed effective. “Ef-
fective” indicates the presence of MPCs, while “ineffective”
signifies the absence of MPCs within the segment or delay
bin. We designate n as 5% in this article. Flag(j) denotes
whether the PSJub is effective. The majority of noise spikes can
be removed after segmentation.

Subsequently, the effectiveness of each delay bin in PDP
is assessed. A delay bin is considered effective if its power
exceeds the noise threshold and the corresponding segment is
effective. Otherwise, it is marked as ineffective.

Step 4. Calculate denoised APDP: The denoised APDP can
be obtained by performing the Hadamard product between the
raw APDP and the vector of effectiveness. The denoised CIR
can be calculated as follows:

ﬁ(r):[\/l%,...,\/%,...,\/%] O

1xN

Fig. 5 presents examples of denoising results using dif-
ferent methods. In Fig. 5(a) and (b), raising the noise floor
of the PDP by 6 dB (the recommended value mentioned
above) serves as the noise threshold. At high SNR, MPCs
are incorrectly classified as noise, attributed to excessive noise
margin. Conversely, at low SNR, noise is erroneously retained
as MPCs, owing to the large dynamic range of the noise floor.
In Fig. 5(c) and (d), the peak level drops by 35 dB to serve
as the noise threshold, a value significantly exceeding the
20 dB stipulated in the ITU recommendation. However, it still
misclassifies MPCs as noise under high SNR conditions. In
Fig. 5(e) and (f), the STDN algorithm retains all MPCs and
removes nearly all noise spikes. We have applied the STDN
algorithm to the measured APDPs from various scenarios
(indoor and outdoor) and multiple frequency bands (6 GHz
band, mmWave, and terahertz). The algorithm consistently
distinguishes MPCs from noise, demonstrating its generality.
Due to space limitations, we refrain from listing the results in
detail here. This STDN algorithm provides a solid foundation
for equitable reciprocal analysis.

IV. CHANNEL RECIPROCITY ANALYSIS

In this section, a comprehensive analysis of the reciprocity
between the UL and DL channels in TDD/FDD systems is
conducted from four perspectives: path loss, delay spread,
correlation coefficient, and multipath power differences.

A. PATH LOSS
Path loss is a vital parameter associated with large-scale fad-
ing, and it significantly impacts the coverage performance of
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FIGURE 5. Comparative examples of three denoising methods at high and
low SNR. (a) The noise floor reference method at high SNR. (b) The noise
floor reference method at low SNR. (c) The peak drop method at high SNR.
(d) The peak drop method at low SNR. (e) The STDN algorithm at high SNR.
(f) The STDN algorithm at low SNR.

radio communication systems. Currently, two prevalent path
loss models are the floating intercept (FI) model and the close-
in (CI) free space reference distance model. The FI model
finds extensive application in the 3 rd Generation Partnership
Project (3GPP) and WINNER II channel models [38], [39],
providing the most accurate fit to collected measurement data
with minimum mean square error (MMSE). The FI model can
be expressed as [40]

P Lii(d)[dB] = apy + 1085 log;od + X[, (8)

where P L denotes the path loss in dB as a function of the
3D distance d between TX and RX, afy is a floating intercept
in dB, B denotes the linear slope. X! is the zero-mean
log-normal random variable with standard derivation o to
model shadow fading. The CI model is derived by applying
a constraint anchor point at the close-in reference distance
do during the process of fitting the best-fit line based on the
MMSE criterion. The CI model incorporates a parameter asso-
ciated with free space propagation, thereby providing physical
insight into channel propagation characteristics [41]. It can be
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TABLE 2. Parameters of the Path Loss Models and RMS Delay Spread
Model

Path loss RMS delay
. f .
Scenarios Link FI CI spread™
(GHz)
arr (dB) | Br1 n o (ns)
B DL 48.08 1.79 1.79 40.74
UL 48.75 1.75 1.81 40.74
6.5 DL 54.87 1.80 2.26 38.02
. UL 54.04 1.85 2.26 37.15
LOS
; DL 54.87 1.50 2.30 31.62
UL 54.04 1.56 2.29 30.90
75 DL 65.87 1.30 2.51 37.15
' UL 6474 | 139 | 251 37.15
6 DL 61.31 2.46 3.45 32.36
UL 62.06 2.43 3.48 32.36
65 DL 67.87 2.44 3.88 31.63
' UL 7078 | 222 | 3.87 31.63
NLOS
. DL 70.50 2.68 4.26 48.98
UL 71.44 2.57 4.23 45.71
75 DL 78.78 2.15 4.51 51.29
. UL 83.39 2.08 4.59 50.12

“ 1 denotes the mean for the log-normal distribution fit of RMS delay
spreads, measured in nanoseconds (ns).

expressed as

PLc1(f, d)[dB] = FSPL(f, 1m)[dB] + 10nlog,o(d) + Xfl,

€))
where n denotes the path loss exponent (PLE), and
FSPL(f, lm) denotes the free space path loss in dB at a
TX-RX separation distance of 1 m for the carrier frequency

f.ie.,

4 f
FSPL(f, 1m)[dB] = 20log,,, <T> , (10)

where c is the speed of light. X! is the log-normal random
variable with 0 dB mean and standard deviation o [42].

The parameters fitted by the FI model and the CI model are
presented in Table 2. The linear slope S for the FI model
is less than 2 in LoS scenarios and ranges between 2 and
3 in NLoS scenarios. The PLE n for the CI model is less
than 3 in LoS scenarios and greater than 3 in NLoS scenarios.
Within the same scenario, as the frequency increases, the PLE
becomes larger. It is apparent that the parameters fitted for UL
and DL are approximately equal in TDD systems, whether it
is the FI model or the CI model. This aligns with the findings
of [43], which concluded that the path loss for the UL and
DL is nearly identical in suburban environments when using
a carrier frequency of 915 MHz. In FDD systems, there are
large differences in the fitted parameters between UL and DL,
with PLE differences of up to 1.
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FIGURE 6. Path loss and FI model fitting results in (a) LoS scenario, and
(b) NLoS scenario. The markers represent the measured path loss. The
lines correspond to the path loss fitting results of the FI model.

The fitted result figures provide a more intuitive repre-
sentation of these differences. In Fig. 6, we illustrate the
fitted results of the path loss model for both the UL and DL
in TDD/FDD systems. Due to the similarity in the fitting
curves between the CI model and the FI model, the figures
for the CI model are not provided. In TDD systems, it is
observed that the fitting curves for both UL and DL exhibit
only slight differences in the LoS/NLoS scenario, typically
less than 1 dB. However, substantial differences in path loss
emerge between UL and DL in FDD systems. Specifically,
for the frequency pair of 6 and 6.5 GHz, the average path loss
differences are 6.74 dB in the LoS scenario and 6.19 dB in the
NLoS scenario. Meanwhile, for the 6.5 and 7 GHz frequency
pair, the average path loss difference in the LoS scenario
is 1.28 dB at short distances, with virtually no discernible
difference at longer distances. Whereas in the NLoS scenario,
the differences reach up to 5.44 dB. For the 7 and 7.5 GHz
frequency pair, the average path loss differences are 3.55 dB
in the LoS scenario and 5.03 dB in the NLoS scenario. In the
case of the farthest frequency pair, 6 and 7.5 GHz, the average
path loss differences in LoS and NLoS scenarios are notably
substantial, measuring 11.57 dB and 16.66 dB, respectively.
Table 3 presents the differences in path loss between different
frequency bands, encompassing both the FI and CI models.
It is evident that the results from the two models exhibit
differences of less than 1 dB, affirming the reliability of the
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TABLE 3. Differences in Path Loss Between Different Frequency Bands

Differences | Fitting
65-6GHz | 7-65GHz | 7.5 -7 GHz
(dB) model
FI 6.74 1.28 3.55
LoS
CI 6.45 1.07 3.28
FI 6.19 5.44 5.03
NLoS
CI 591 5.39 4.64

conclusions and demonstrating their independence from the
fitting model.

These significant path loss differences have the potential to
transform a previously reliable communication link into one
of poor quality. Consequently, when designing FDD systems,
it becomes imperative to take into account the coverage range
of distinct frequency bands for both the UL and DL.

B. DELAY SPREAD

RMS delay spread trvs is defined as the square root of
the second central moment of APDP and is widely used to
characterize the delay dispersion of channels [44]. Next, we
delve into the reciprocity of RMS delay spread between the
UL and DL in TDD/FDD systems. The RMS delay spread is
calculated as

TRMS = \/ZlL—l (1 — Tmean)zp(l'l)
YL P(w)
where 7; and P(t;) denote the delay and power of the /th path,

respectively. Tmean 1S the average delay spread and can be
mathematically expressed as

> uP@)

S P(w)

The measured RMS delay spreads follow a log-normal
distribution. Fig. 7 illustrates the CDFs of the log-normal
distribution fitting for RMS delay spread. This distribution
has been extensively used in fitting RMS delay spreads, not
only in the 3GPP channel model but also in other litera-
ture [38], [44]. It can be observed that the fitted curves of
the UL and DL are almost perfectly matched, displaying a
consistent trend in TDD systems. In FDD systems, slight
differences are present among all frequency pairs in LoS
scenarios. However, in NLoS scenarios, the fitted curves are
closer for the 6 and 6.5 GHz frequency pair, as well as the
7 and 7.5 GHz frequency pair, while the other frequency
pairs exhibit discernible differences. The mean values of the
log-normal distribution fitting for the RMS delay spread in the
UL and DL of TDD/FDD systems are presented in Table 2.
The maximum difference in RMS delay spread is observed
to be 9.84 ns in the LoS scenario and 19.66 ns in the NLoS
scenario.

Reference [14] analyzes the reciprocity of RMS delay
spread in outdoor-to-indoor (O2I) and indoor-to-outdoor
(I20) scenarios. In the O2I scenario, the mean RMS delay

, (1)

12)

Tmean =
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FIGURE 7. CDFs of the log-normal fit for the measured RMS delay spreads
in (a) LoS scenario, and (b) NLoS scenario. The markers represent the
measured RMS delay spreads (only 20%, 40%, 60%, and 80% points are
plotted). The lines represent the CDFs of the log-normal distribution fitting
for RMS delay spreads.

spread is 40 ns, while in 120 scenarios, it is 34 ns. This
contradicts the nearly identical RMS delay spread observed
in our TDD systems for both UL and DL. The reason for
this difference lies in its focus on exploring the channel
characteristics between independently measured O2I and 120
scenarios, without a strict differentiation between UL and DL.
Additionally, ref. [18] points out a delay differential ranging
from several to a dozen nanoseconds in the urban macrocellu-
lar scenario of FDD systems, where the UL carrier frequency
is 1.8 GHz, and the DL carrier frequency is 1.9 GHz. This
corresponds with the conclusion drawn in this article regard-
ing the presence of RMS delay spread differences between
UL and DL in FDD systems. The RMS delay spread findings
offer valuable insights for designing the guard interval or
cyclic prefix of orthogonal frequency-division multiplexing
technology in FDD systems [45].

C. CORRELATION COEFFICIENT

It is crucial to explore whether there is a correlation between
UL and DL channels in TDD/FDD systems. If such a cor-
relation does exist, it may be feasible to extract common
components from the estimated CSI of the UL for utilization
in DL channel estimation. This could result in significant
reductions in pilot overhead. The correlation coefficient serves
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as a metric for quantifying the degree of linear association be-
tween two random variables. Consequently, it can be utilized
to assess the reciprocity between the UL and DL channels
in terms of multipath distribution, shedding light on the in-
herent relationship between the UL and DL. Therefore, the
well-known pearson correlation coefficient (PCC) is applied
to calculate the correlation between the denoised CIR of the
UL and DL. A higher correlation is indicated by a larger
absolute value of the correlation coefficient, approaching 1.
The formula for calculating the correlation coefficient is as
follows:

PPCC (ilU, ilD) =

E {huhp} — E {hy} E {ip}

VE (i) ~ B2 (i) /B (i3) ~ B2 (i)
where E denotes the expectation operation, and Ay and hp
respectively represent the denoised CIR for the UL and DL.
The PCC quantifies the channel correlation between UL and
DL in the delay domain, treating the multipath channel as
a sequence and only assessing the numerical similarity be-
tween MPCs, while disregarding the physical significance of
these channel MPCs. Furthermore, when calculating similar-
ity using PCC, MPCs with lower power are often overlooked.
From the perspective of radio wave propagation, the scat-
tering objects in the propagation environment determine the
arrival of multipath in the form of clusters at the RX [46].
Therefore, we introduce the concept of clusters to compute the
correlation coefficient, referred to as cluster-based correlation
coefficient (CBCC). This metric overcomes the limitations of
PCC in terms of lacking physical meaning and disregarding
low-power MPCs.

Saleh and Valenzuela have established the widely adopted
Saleh Valenzuela (SV) clustering model in the delay domain
of wideband channels [47]. The SV model is founded on a

doubly stochastic Poisson process. Accordingly, the expres-
sion for the CIR in (1) is replaced by1 [48]:

K L

h(T) =) Bue?%s (t — T — i),

k=1 I=1

13)

(14)

where the arrival delay of the kth cluster is denoted as 7. T
represents the excess arrival delay of the /th path within the
kth cluster, measured from the beginning of the cluster. Its
phase is denoted by ¢;;. The variables K and L correspond to
the maximum number of clusters and the maximum number
of paths in the k-th cluster, respectively. Additionally, the
amplitude of the /th path in the kth cluster is denoted as S,

and its mean square value, :3121{’ can be derived from:

13_12]( - ﬁ_goe*Tk/Fe*flk/K’ (15)

I'Since it is a single-sample sampling, the parameter ¢ can be disregarded.
Furthermore, in wideband single-antenna measurements, it is not possible to
discern the angle of multipath, hence the parameters Q27 and Qg can also be
omitted.
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FIGURE 8. lllustration of clustering with SV model for the 6th point in LoS
scenario at 6 GHz.

where ﬁgo denotes the average gain of the first path in the
initial cluster. 1/T" and 1/ denote the power decay factors of
the cluster and path, respectively. Specifically, the UL and DL
APDPs are clustered with the ‘Bubbling’ algorithm according
to the following two criteria: first, the power arriving of the
first path in each cluster is monotonically decreasing along
with the delay; second, the power of the first path in each
cluster is the local maximum in APDP. The detailed clustering
steps refer to the literature [49]. The SV model clustering is il-
lustrated in Fig. 8, where the black lines represent the APDPs,
and the blue lines denote the envelope formed by the local
maxima of the APDPs, expressed as PDPe, (7). Subsequently,
the two criteria of the SV model are employed to identify
the first arrival path in the cluster, marked as red circles and
squares for DL and UL respectively. It can be observed that
the entire CIR has been divided into four clusters. The point
of minimum value in the PDP,, between two clusters is con-
sidered as the inter-cluster separation point. Furthermore, the
power of the cluster is exponentially fitted and is depicted by
the red line.

Therefore, the CBCC can be derived by computing the PCC
from the respective clusters, followed by power weighting.
The formula is expressed as follows:

Kk k
wy; + W AL A
pcece =y —~ 5 2 ppec (hUv hD) :
k=1
k lg (ﬁgk /Pthreshold )
w ; (16)

e (T (B2 /Pavcnon )

where w* denotes the weight of the power of the kth cluster
relative to the total channel power, with UL and DL weights
being averaged in the CBCC computation. The weight is de-
termined by the initial path power of each cluster and is related
to the cluster power decay factor. il’{J /D denotes the denoised
CIR of the kth cluster, acquired by intercepting the CIR of the
corresponding segment.
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FIGURE 10. CBCCs for all measurement points in the UL channel with a
center frequency of 6 GHz, and the DL channels at frequencies of 6, 6.5, 7,
and 7.5 GHz.

First, an analysis of the advantages of CBCC over PCC is
conducted. Fig. 9 illustrates the PCCs and CBCCs between
the UL and DL, with the 6th measurement point as a repre-
sentative example. It can be observed that PCCs and CBCCs
exhibit certain similarities. For example, in TDD systems,
along the diagonal, the correlation is very high, exceeding
95%. In FDD systems, the correlation coefficients mostly
exceed 80%. The correlation coefficient results exhibit diag-
onal symmetry, which aligns with our expectation that the
coefficients remain almost unchanged when swapping UL and
DL frequency bands. However, PCCs tend to approach two
extremes, either very close to 1 or relatively close to 80%.
This susceptibility arises from the influence of extreme values,
particularly LoS paths, causing them to overlook the overall
channel similarity. The CBCC surmounts this limitation in
correlation assessment by introducing the concept of clusters.

Then, we explore the distance dependence of the CBCCs.
Since the DL frequency band is typically higher than the UL
frequency band in FDD systems, we select the UL frequency
band as 6 GHz and DL frequency bands as 6, 6.5, 7, and
7.5 GHz for analysis, as illustrated in Fig. 10. It is evident that
in TDD system, a robust correlation exists between the UL
and DL channels across all measurement points, with all val-
ues exceeding 95%. In FDD systems, the correlation exhibits a
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TABLE 4. CBCCs for Each Frequency Pair in Both LoS and NLoS Scenarios

UL

CBCCs 6GHz | 65GHz | 7GHz | 7.5 GHz

DL
6 GHz 99.14% | 86.97% | 83.37% | 84.52%
LoS 6.5 GHz 88.04% | 98.08% | 86.34% | 85.15%

0
7 GHz 84.61% | 86.00% | 98.38% | 85.73%
7.5 GHz 83.71% | 85.89% | 89.24% | 99.15%
6 GHz 97.12% | 77.33% | 82.06% | 80.81%
6.5 GHz 7934% | 98.37% | 85.95% | 89.36%
NLoS

7 GHz 80.25% | 88.01% | 98.14% | 90.28%
7.5 GHz 85.48% | 85.57% | 89.63% | 98.31%

fluctuating trend without apparent distance dependence. How-
ever, the CBCCs display a scene-specific relationship. For
instance, locations with L-shaped corridors, such as the 2nd,
5th, and 8th measurement points, exhibit strong correlations
for all frequency pairs. Conversely, at the 4th measurement
point, the correlations for all frequency pairs are compara-
tively low. This could be attributed to variations in scatterers
around distinct measurement points, significant differences in
the frequency-dependent electromagnetic properties of these
scatterers, and consequently resulting in disparities in the
MPCs distribution. Similar characteristics are also observed
in other frequency bands and in NLoS scenarios, which are
not reiterated here.

Finally, we investigate the correlation of channels for vari-
ous frequency pairs in indoor corridor scenarios. The median
of the CDF for CBCCs across all measurement points within
a frequency pair is considered the CBCCs of this scenario.
The CBCCs in LoS and NLoS scenarios are summarized in
Table 4. The values along the diagonal in the table represent
the correlation coefficients for TDD systems, while those in
the lower triangle pertain to FDD systems. The CBCCs for
TDD systems consistently surpass those of FDD systems,
with values exceeding 98% for nearly all frequency pairs,
regardless of LoS or NLoS scenarios. Conversely, in FDD
systems, the CBCCs for most frequency pairs tend to hover
around 80% to 90%. This suggests that FDD systems still
maintain a relatively robust correlation between the UL and
DL channels. This can be attributed to the fact that, even
though the UL and DL operate in different frequency bands,
the propagation characteristics of electromagnetic waves are
influenced by the same physical environment, and the map-
ping relationship between the MPCs and the surrounding
scatterers is inherent. Additionally, as the frequency interval
between UL and DL increases, the correlation tends to slightly
decrease.

Therefore, in TDD systems, the UL and DL channels
exhibit nearly perfect correlation, both in LoS and NLoS sce-
narios. In FDD systems, the UL and DL channels demonstrate
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FIGURE 11. CDFs of MPDg 7, and their results fitted with a normal
distribution.

partial similarity. Despite sharing the same physical propaga-
tion environments, resulting in a correlation exceeding 80%,
there is still a loss of correlation due to differences in fre-
quency bands of the UL and DL. This could be attributed to
discrepancies in the power and distribution of MPCs between
the UL and DL.

D. MULTIPATH POWER DISSIMILARITY

The correlation coefficient normalizes the CIR during the cal-
culation process, without taking into account the difference in
multipath power between the UL and DL channels. Therefore,
a metric is proposed, referred to as MPD, to assess this dif-
ference. Following this, the channel reciprocity of the UL and
DL will be discussed in terms of the power difference between
MPCs. To assess the power differential of MPCs between the
UL and DL, we propose a metric distinct from the large-scale
path loss model, referred to as MPD. Due to the high delay
resolution of the measured CIR, the power corresponding to
each effective delay bin can be regarded as the power of a
propagation path. Consequently, it allows for a direct analysis
of the multipath power differences between the UL and DL
channels from the perspective of delay bins. MPD can be
expressed as follows:

P g (1)
P (1)’

where MPDy, 4 tepresents the power differences among
MPCs when the UL frequency is fy and the DL frequency
is fp. P s, /D(‘L']) denotes the power of the /th path at the ith
measurement point when the UL/DL frequency is fu/fp. In
the LoS scenario, the range of values for i is from 1 to 13,
while in the NLoS scenario, it ranges from 1 to 7.

The CDFs of MPD 4, 4, for different frequency pairs, along
with their fitted normal distribution results, are depicted in
Fig. 11. Only the CDF curves of MPD with UL center fre-
quency at 6 GHz and DL center frequencies at 6, 6.5, 7,
and 7.5 GHz are provided, serving as representations of the
disparity in MPD across different frequency intervals. The

MPDy,  [dB] = 101g (17)
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TABLE 5. Mean p and Variance o Results of MPD Normal Distribution Fitting in LoS and NLoS Scenarios

UL
6 GHz 6.5 GHz 7 GHz 7.5 GHz
MPD DL
Parameter o o o “w o o o
6 GHz -0.06 3.33 6.58 6.75 9.01 6.85 11.98 7.18
LoS 6.5 GHz -6.79 6.74 -0.27 3.50 2.16 6.77 5.13 6.83
0
7 GHz -8.82 6.82 -2.30 6.80 0.14 3.21 3.11 6.46
7.5 GHz -11.38 7.15 -4.86 6.72 -2.43 6.58 0.35 332
6 GHz 0.31 2.72 6.39 5.80 6.69 6.67 10.17 7.18
6.5 GHz -5.46 5.73 0.62 221 0.92 4.80 4.40 4.73
NLoS
7 GHz -6.33 6.88 -0.25 5.26 0.06 2.01 3.54 3.65
7.5 GHz -9.07 7.06 -2.99 5.03 -2.68 3.74 0.80 1.88

fitting results of the normal distribution for MPD; 7, across
different frequency pairs are presented in Table 5, providing
the respective fitted mean (@) and variance (o). A larger abso-
lute value of u indicates a greater disparity in multipath power
between the UL and DL.

It is evident that in TDD systems, the mean values of MPD
tend to approach zero, indicating a near equivalence in power
between UL and DL MPCs. In FDD systems, as the UL and
DL frequency interval expands, the absolute values of the
mean within the normal distribution of MPD increase. This
aligns with the principle of signal propagation in free space,
where a wider frequency interval leads to greater dissimilarity
in single-path power.

In the LoS scenario of TDD systems, the variance of the
MPD normal distribution fitting falls between 3 and 3.5. In
contrast, for FDD systems, the variance is significantly larger
than that of TDD systems, ranging from 6 to 7.5. This in-
dicates that different frequency bands in the UL and DL of
FDD systems result in a more pronounced dispersion in MPD.
Furthermore, the variance tends to slightly increase with the
widening of the frequency interval. This suggests that increas-
ing the frequency interval between UL and DL also leads to a
more dispersed MPD. In the NLoS scenario, the dependency
relationship between the mean and variance of MPD with
frequency interval mirrors that of the LoS scenario. How-
ever, compared to the LoS scenario, the mean and variance
of MPD in the NLoS scenario are generally slightly smaller.
For instance, in most frequency pairs, the absolute value of
the mean MPD in the NLoS scenario is less than that in the
LoS scenario. In TDD systems, the range of MPD variance
is between 1.5 and 3. Compared to the majority being LoS
paths and low-order reflection paths in LoS scenarios, most
MPCs in NLoS scenarios are high-order reflections. These
high-order reflection MPCs tend to diminish the disparity in
multipath power, resulting in a more concentrated distribution
of MPD.

Subsequently, we will delineate the observed trend of the
mean of MPD increasing with larger frequency intervals.
However, the same frequency interval does not yield the same
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MPD values, as they also vary with the center frequency. For
instance, in the cases of frequency pair 6 and 6.5 GHz, as well
as 6.5 and 7 GHz, both with a frequency interval of 0.5 GHz,
their respective MPD are —6.79 and —2.30 dB. We draw
inspiration from the calculation method for LoS path power
in free-space propagation to model the relationship between
MPD and center frequency, as well as frequency interval.
When the transmit power and the gains of the transmit and
receive antennas are normalized, the gain of the free-space

path is given by:
2
Poain = [ ——
Gain <47Tdf) s

where Pgain denotes the path gain. Therefore, the MPD for the
LoS path can be expressed as:

(18)

PG,
MPDy,s[dB] = 10log,, (%) = 20log;, (%) (19)

Gain

where Pgain and P]G)ain represent the gain of the LoS path
for the UL and DL, respectively. Letting Af = fp — fu, the
MPD s can be expressed as:

Af
MPD; ,s[dB] = 20log; <1 — —) . (20)
/o

Hence, the fitting equation for MPD can be formulated as:

(%)
MPD[dB] = 20ylogio | 1 — — ). 21

/o

where y denotes the MPD dependency factor. The fitting
results for the mean values of MPD in the LoS scenario are
shown in Fig. 12. As anticipated, the combined effect of
all MPCs leads to a significantly larger MPD (in absolute
value) compared to the MPD of the LoS path alone. This phe-
nomenon is attributed to the presence of abundant reflection
and scattering paths in the 6 GHz band. In LoS and NLoS
scenarios, the values of y are 5.81 and 4.59 respectively. This
indicates that in the NLoS scenario, the power difference of
MPCs between the UL and DL channels is diminished.
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FIGURE 12. Relationship between MPDs and frequency interval, center
frequency in LoS scenario.

Therefore, in TDD systems, the power of MPCs in both
the UL and DL channels is nearly identical. In FDD systems,
there exists a disparity in the power of MPCs between the UL
and DL channels, which demonstrates dependence on center
frequency and frequency interval. A model has been estab-
lished to describe this relationship. If the multipath power is
known for a specific DL frequency band, one can extrapolate
the corresponding multipath power for the UL frequency band
using the MPD model. Vice versa.

In summary, based on the analysis of path loss, delay
spread, correlation coefficient, and multipath power differ-
ences between the UL and DL channels, it can be concluded
that TDD systems are nearly perfectly reciprocal, whereas
FDD systems exhibit partial reciprocity.

V. INFLUENTIAL FACTORS OF RECIPROCITY

As previously discussed, the conclusion has been drawn re-
garding the partial reciprocity of the UL and DL channels in
the FDD systems. This partial reciprocity can be attributed to
the complex propagation of MPCs. Therefore, further analysis
of multipath parameters such as power, delay, angle, etc., as
well as the propagation process of MPCs, can be conducted to
assess the factors influencing their reciprocity.

However, it is challenging to extract these parameters and
determine the propagation trajectories of MPCs from exist-
ing measurement data. Therefore, the ray-tracing approach
is introduced to obtain this information. The ray-tracing ap-
proach provides a description of all propagation paths from
the TX to the RX in terms of rays. This method furnishes
channel parameters of MPCs, including power, delay, AoA,
and AoD, allowing for an accurate reflection of the scenario’s
influence on the channel [50]. The commercial ray-tracing
tool, Wireless InSite [51], developed by Remcom, is utilized
in the simulations. It is worth noting that the accuracy of mul-
tipath power in ray-tracing simulation results is constrained
by the electromagnetic properties of the environmental ma-
terials. Therefore, simulations can be conducted in a specific
frequency band to characterize the propagation paths of MPCs
while overlooking differences in multipath power.
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In the ray-tracing simulation, MPCs are allowed to prop-
agate through direct, reflected, or diffracted paths. These
propagation mechanisms are relatively straightforward,
relying on established electromagnetic propagation theories
such as geometrical optics and geometrical theory of diffrac-
tion. They do not rely on complex propagation models or
model parameters, resulting in more realistic and reliable
MPCs. This is in contrast to diffuse scattering, which involves
multiple propagation models, is comparatively complex, and
heavily depends on model parameters [52]. As shown in
Fig. 13, ray-tracing simulations at 6 GHz are conducted within
the same indoor corridor scenario. A few representative MPCs
are highlighted, including the LoS path, as well as the first
and second-order reflective MPCs originating from the side
walls and floor-to-ceiling windows. The relation of the iden-
tified MPCs with the geometric layout of the scenario is also
depicted. Paths 2—-5 correspond to the first, second, and third-
order reflected paths caused by the floor-to-ceiling windows
located behind the TX and RX. The following will separately
discuss the influencing factors of reciprocity from the perspec-
tives of multipath delay and angle.

A. MULTIPATH DELAY

The APDPs allow us to observe the reciprocity between UL
and DL channels from the perspective of the delay-domain
distribution of MPCs. As shown in Fig. 14(a), we analyze the
difference between denoised APDPs measured in UL and DL
across various frequency bands, taking the 6th measurement
point as an example. In TDD systems, the APDPs of UL and
DL are almost identical. Consequently, further investigation
into the reciprocity of UL and DL in FDD systems primarily
involves scrutinizing the distinctions introduced by different
frequency bands. In FDD systems, the APDPs of UL and DL
demonstrate roughly parallel trends. The majority of MPCs
appear in the same delay bins for all frequency bands, which
we term “public MPCs”. These public MPCs exhibit con-
sistent peak trends, except for differences in path power, as
indicated by the ovals. The observed power differences can
be attributed to the inconsistent attenuation characteristics of
UL and DL in free space, as well as the distinct electro-
magnetic properties of environmental materials across varying
frequency bands. In addition, a minority of MPCs are only
observable in specific frequency bands, denoted as “private
MPCs” and marked by the rectangle. For instance, MPCs are
exclusively present at 6.5 and 7.5 GHz around 270 ns. This
is due to the limited delay resolution, where multiple MPCs
with similar delays are superimposed in the same delay bin.
In some bands, this results in constructive interference, while
in others, it leads to destructive interference.

Upon comparing the simulated PDP with the measured
APDPs, it is evident that the ray-tracing simulation results
only capture partial public MPCs, without private MPCs, as
illustrated in Fig. 14(b). These public MPCs encompass the
LoS path and low-order strong reflection paths. The four peaks
at 305 and 440 ns respectively arise from the first, second, and
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FIGURE 13. Ray-tracing simulation in the corridor scenario and the relation of the identified MPCs with the geometric layout of the scenario at the 6th

measurement point.
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FIGURE 14. APDPs at the 6th measurement point in the LoS scenario. (a)
The measured multi-frequency APDPs of the UL and DL. (b) The ray-tracing
simulated PDP at 6 GHz. The public MPCs and private MPCs are labeled.

third-order reflections of the floor-to-ceiling windows, corre-
sponding to paths 2-5 in Fig. 13. Therefore, we can deduce
that the public MPCs comprise the LoS path and the low-order
reflection paths. Furthermore, an average of over 85% of the
total path power is contributed by the public MPCs. As a
result, the public MPCs play a dominant role, and the private
MPCs can be completely ignored in certain studies.
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Regarding the private MPCs, we draw the following
conclusion. By aligning the ray-tracing results with the
propagation delay, it is inferred that the private MPCs likely
stem from higher-order reflections or diffuse scattering from
the sidewalls. This inference arises from the fact that the
delay of private MPCs lies between the delay of the forward
low-order reflections and the first-order reflection of the rear
floor-to-ceiling window. Other propagation mechanisms are
highly unlikely to generate MPCs at this specific delay. Refer-
ence [53] supports our viewpoint, highlighting the significant
variation in diffuse scattering multipath power with frequency.
Additionally, this also explains the relatively strong power
of MPCs at a delay of 270 ns in both the 6.5 and 7.5 GHz
frequency bands. This occurrence is attributed to the fact that
the power of diffuse scattering MPCs fluctuates erratically
with frequency, with notable gain occurring only in specific
frequency bands without clear frequency dependence.

B. MULTIPATH ANGLE

The research will be further extended to the PADPs to in-
vestigate the reciprocity between UL and DL channels from
the perspective of the spatial distribution of MPCs, i.e., the
multipath angles of arrival and departure. As shown in Fig. 15,
the PADPs of both the UL and DL channels are displayed,
measured in case 2 with the UE horn antenna rotated, and
some dominant MPCs are indicated.

In TDD systems, the spatial characteristics of the UL and
DL are nearly identical. In other words, the AAoA in the UL
and AAoD in the DL are identical for the MPCs. However,
in FDD systems, the spatial domains of the UL and DL are
only partially identical. Similar multipath angles are observed
at the LoS path (labeled as 1) and the forward and backward
low-order reflective MPCs (labeled as 2, 3, 4, 5, 6, and 7).
All of these are considered public MPCs with the same angle,
although their power differs considerably. At the same time,
there are also private MPCs that are observable only in specific
frequency bands and angles. For instance, MPCs labeled as
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FIGURE 15. Measured multi-frequency PADPs of the UL and DL at the 5th measurement point in the LoS scenario. The angle on the circle indicates AAoD
or AAoA, with 0° denoting the orientation where the UE horn antenna is directly aligned with the BS. The radial distance represents the delay of MPCs,
while varying shades of color indicate the magnitude of received multipath power. Additionally, some dominant MPCs are labeled. (a) At 6 GHz.

(b) At 6.5 GHz. (c) At 7 GHz. (d) At 7.5 GHz.

8 diminish in strength at 6.5 GHz, and MPCs labeled as 9
exist at 7 and 7.5 GHz but are absent at 6 and 6.5 GHz. The
phenomenon is primarily attributed to two factors: Firstly, it
is theorized that with increasing frequency, electromagnetic
wave experiences greater attenuation, resulting in the atten-
uation of path power or disappearance of MPCs. Secondly,
the constructive interference of MPCs in certain frequency
bands leads to the emergence of newly visible MPCs at higher
frequency bands, while the destructive interference of these
MPCs at lower frequency bands results in the invisibility of
MPCs.

Additionally, at 7.5 GHz, a distinctive path (labeled as 10)
originating from the backward direction is identified, with
angles spanning from 100° to 140° and 220° to 260°, and a
delay falling between that of the LoS path and the first-order
reflection path from the rear floor-to-ceiling window. This
path is attributed to the diffuse scattering of the side wall,
as only diffuse scattering can generate backward MPCs at
such angles and delays in this particular scenario. This finding
aligns with the conclusions drawn in the preceding APDP
analysis.

In summary, in FDD systems, there are numerous public
MPCs in the UL and DL channels with the same propagation
delay and angle. These mainly include direct and low-order
reflection MPCs, which constitute the majority of the channel
power. Additionally, the different frequency bands of the UL
and DL introduce several private MPCs that are exclusive to
either the UL or DL, largely composed of diffuse and higher-
order reflection MPCs. These public and private MPCs affect
channel reciprocity by the magnitude of multipath power and
their presence or absence, respectively.
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VI. CONCLUSION

This article delves into the investigation of channel reciprocity
within the 6 GHz band of TDD/FDD systems in indoor scenar-
ios. Firstly, precise and impartial channel measurements were
conducted for both the UL and DL channels in the 6 GHz band
of TDD/FDD systems. Based on the measured data, an STDN
algorithm is proposed to extract MPCs, establishing founda-
tional support for a more equitable assessment of channel
reciprocity. Then, a comprehensive analysis of the reciprocity
between the UL and DL channels in TDD/FDD systems is
conducted from four perspectives: path loss, delay spread,
correlation coefficient, and multipath power differences. It
can be concluded that TDD systems are nearly perfectly re-
ciprocal, whereas FDD systems exhibit partial reciprocity in
indoor scenarios. Specifically, near-identical path loss and
delay spread are observed in TDD systems. In FDD systems,
significant disparities are observed, with a maximum path loss
difference of 16.66 dB in the UL and DL when the central
frequency bands differ by 1.5 GHz. In terms of correlation
coefficients, CBCCs in TDD systems exceed 95%, whereas in
FDD systems, CBCCs range from 80% to 90%. Additionally,
to depict the multipath power differences, a model illustrating
MPD dependence on center frequency and frequency inter-
val is established. The MPD dependency factors in LoS and
NLoS scenarios are determined to be 5.81 and 4.59, respec-
tively. Finally, factors influencing the reciprocity of FDD
systems are analyzed from two perspectives: multipath delay
and angle. Comparative analysis is conducted between mea-
surement results and ray-tracing simulations, revealing the
presence of numerous public MPCs in both the UL and DL.
These MPCs share identical propagation delays and spatial
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angles, constituting the majority of channel power. Addition-
ally, a few private MPCs are observed, exclusively present in
either the UL or DL. This study provides a solid foundation
for channel estimation in FDD systems, namely, the recon-
struction of the DL channel from the UL channel.
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