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Abstract— Recently, there has been increasing demand to
exploit a wider spectrum in higher frequency bands to improve
the performance of new wireless communication devices and
systems for millimeter-wave (mm-Wave) communications and
fifth-generation (5G) mobile networks. Channel measurement
and modeling are crucial for the design and development of
such 5G devices and systems. In general, among various chan-
nel sounding methods, the most appropriate method has been
selectively used depending on the channel characteristics to be
measured. In this article, we propose an advanced sounding
technique based on linear frequency modulation (LFM) pulse
signal to strengthen channel sounding capabilities fitting well in
higher frequency bands. The unique property of the LFM signal,
where the instant frequency change corresponds to the sweep
time, ensures that the output of the proposed channel sounder is
proportional to the scattering parameter. Using this, we present
an extended capability of the proposed sounding technique to
measure channel characteristics such as delay spread, Doppler
spread (DS), and Rician-K factor of small-scale fading channels
emulated in a reverberation chamber (RC).

Index Terms—5G New Radio (NR), channel sounder, delay
spread, Doppler spread (DS), linear frequency modulation (LFM)
pulse, matched filter (MF), millimeter wave (mm-Wave), Rayleigh
distribution, reverberation chamber (RC), Rician distribution,
Rician K-factor, S-parameter.

I. INTRODUCTION

VER the past few years, remarkable progress in
Ostandardizing fifth generation (5G) has led to early
deployments of 5G networks using the millimeter-wave
(mm-Wave) spectrum of many parts of the world. Since
mm-Wave band is a key resource to meet 5G requirements,
frequency bands of 28, 38, 60, and 72-74 GHz [1], [2],
[3], [4] have been widely investigated from various sectors
in academia and industry. Accordingly, the 5G systems and
networks are designed to facilitate billions of new connections
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with high data rates, ultralow latency, and high integrity, and
this work is achieved through 5G New Radio (NR) aiming to
address a variety of usage scenarios specified by the 3GPP [5].

Although there is a growing interest in developing 5G
technique in the mm-Wave band, some technical challenges,
such as reduced service coverage due to high path loss [6] and
performance degradation in communication caused by a higher
Doppler shift [7], arise from the high-frequency nature of
mm-Wave. To overcome high path loss in an mm-Wave
band, beamforming techniques are considered a promising
solution in 5G communication. Under beamforming condi-
tions, it is commonly assumed that the fading signal typically
follows the Rician distribution [8] due to the presence of
the line-of-sight (LOS) component through which most of
the transmitted power is delivered. The Rician K-factor for
a given channel, representing the power ratio of the LOS
signal to multipath components (MPCs) [9], [10], should be
known in advance to determine outage performance [11],
bit error rate (BER) [12], and channel capacity [13] for the
effective utilization of beamforming technology. Therefore,
Rician K-factor is a key feature for describing the quality of
5G wireless links. Meanwhile, the symbol of 5G NR, based
on orthogonal frequency-division multiplexing (OFDM) [5],
becomes more sensitive to carrier frequency offset (CFO)
compared to symbols of existing standards such as long-term
evolution (LTE) and IEEE 802.11 Wi-Fi under rapidly varying
channel conditions. Typically, the CFO impairs the orthogo-
nality between subcarriers of the OFDM symbol and leads to
degradation in communicating quality [14]. To overcome such
performance degradation, it is crucial to estimate the CFO
and subsequently recover the OFDM symbols based on this
estimation. The estimation of the CFO is directly related to the
Doppler effect; thus, the Doppler shift is also a key feature for
measuring the severity of channel fading.

Nowadays, deployment and new air-interface design of 5G
networks, effectively overcoming the challenges mentioned
above, can be realized by referring to statistical models that
faithfully characterize radio channels in the mm-Wave band
across various environments. Also, for the development of
new systems and devices enabling 5G NR, it is fundamental
to reconstruct a realistic wireless environment using channel
parameters extracted from these statistical models and to
conduct testing of them under this emulated channel. From this
perspective, a wideband channel sounding system is needed
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to effectively estimate the channel impulse response (CIR)
or channel transfer function (CTF) enabling the extraction of
channel characteristics [15].

Channel sounding is a technique that characterizes wireless
channels by decomposing propagating path into individual
MPC and estimating parameters to minimize or exploit mul-
tipath effects, which helps simulate and design wireless
systems [16]. In the past decades, there have been many studies
on channel measurement and parameter estimation using var-
ious sounding methods: 1) direct radio frequency (RF) pulse
system; 2) the frequency swept method using vector network
analyzers (VNAs); 3) spread spectrum sliding correlator based
on pseudorandom binary sequence (PRBS); and 4) frequency-
modulated continuous wave (FMCW) followed by heterodyne
detector for de-ramping [16], [17], [18].

The direct RF pulse system is the simplest approach, as it
repetitively emits a short pulse in time at the transmitter (TX)
and uses a wide bandpass filter at the receiver (RX). Coher-
ent detection can be conducted with a wideband high-speed
oscilloscope for measurement of the multipath phase. This
technique allows us to determine rapidly the power delay
profile (PDP) of any channel [19]. However, this sounding
system is extremely sensitive to interference and noise due to
the wide passband filter and high peak-to-average power ratio
(PAPR) resulting from the short pulses for time resolution [20].

The VNA is a sounding method that selectively utilizes
the linear frequency sweep mode suitable for measuring CTF
under stationary conditions [21] and the continuous-wave
mode suitable for time-varying channel properties [22], [23].
Thus, the VNA allows for a more reliable measurement
range of various channel parameters. However, due to the
VNAs’ high sensitivity, its accuracy relies on the physical
layout between its two ports, resulting in a limited measure-
ment range. As a result, the VNA is typically used indoors
and over short distances. In addition, this method is not
cost-effective.

The sliding correlator sounding method transmits a burst of
PRBS and correlates the received signal with an identical code
at RX, resulting in a time-dilated CIR through the de-spreading
of the received signal [24], [25]. Thus, this method can be
used to measure received power and MPC time delays in
a wide range of scenarios [26] and record several hundred
PDPs per second depending on the selected slide factor, which
is much faster than the VNA [24]. Even though the sliding
correlator requires a longer acquisition time interval due to its
time-dilation property, real-time spread spectrum correlation
that enables extremely rapid CIR measurements is achieved
using software-defined radio (SDR) or high-speed analog-to-
digital converters (ADCs) [17], [27]. However, this sounder
requires additional hardware and a more complex system
design than direct RF pulsed sounders. Furthermore, since this
sounder uses a time-domain rectangular pulse, it leads to the
sinc-like spectrum spreading across the entire frequency range,
as shown in Fig. 1(a) [28]. When it is necessary to restrict the
out-of-band transmission, the PRBS signal should be filtered,
resulting in a reduction in the average power [29]. Thus, the
PRBS method is not suitable for observing the specific band.

The FMCW (or chirp) channel sounder has been used as an
alternative method for precisely measuring channel parameters
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Fig. 1. Some features in related channel sounding methods. (a) RF spectrum

of various channel sounding techniques enabling the same time resolution.
(b) Measurement of PDP using FMCW sounder [28].

in a specific band. Using this sounder, the measurement of
Doppler shift, PDP, Rician K-factor, and channel capacity
was successfully carried out at a lower cost [28], [30], [31],
due to the heterodyne detector that compresses a sounding
signal in the frequency domain and enables the use of a
narrow bandwidth (BW) ADC [32]. However, FMCW requires
a sounding channel to be in a quasi-steady state during a
chirp duration, which implies that the pulse repetition interval
(PRI) should be significantly longer than the maximum time
delay [33]. If the PRI is shortened to enable measurement
of larger Doppler shifts, then the effective time interval for
data acquisition decreases due to the given channel delay
spread, as illustrated in Fig. 1(b), resulting in SNR reduc-
tion of received signal. Therefore, in the case of a fast
time-varying channel or a channel with a large delay spread,
or a channel satisfying both conditions simultaneously in the
mm-Wave band, the FMCW sounding method is somewhat
unsuitable.

In this article, to extend the capability of the chirp sounding
technique, we propose an advanced sounding method utilizing
a chirp pulsed linear frequency modulation (LFM) sounding
signal. We demonstrate that the proposed method efficiently
enables the frequency-domain matched filter (MF) output
signal to be proportional to the scattering parameter (S;) even
in a fast time-varying channel condition, based on the fact that
the instantaneous frequency of the LFM signal varies linearly
with sweep time [30]. Then, we present how to simultaneously
measure the main features of small-scale fading channel and
the Rician-K factor using the proposed scheme. To validate
the proposed technique, we introduce the prototype of channel
sounder designed by ourselves and present small-scale fading
experimental results conducted under Rician and Rayleigh
fading condition, emulated in a reverberation chamber (RC)
where time delay and Doppler spread (DS) are effectively
generated [21], [23]. These experimental results imply that
the proposed channel sounding system effectively imitates the
sounding capability of VNA.

This article is organized as follows. Section II introduces
the theoretical background for channel sounding. Section III
shows the proposed sounding technique and the derivation of
channel parameters from the time-varying multipath fading
channel model. Section IV presents the entire channel sounder
architecture and system calibrating method. In Section V, the
measurement results from the practical experiment in RC and
statistical analysis are analyzed. Also, both reliability and
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validity about the proposed scheme are verified by comparing
the measurement obtained by the proposed sounding method
and the VNA-based sounding method. Finally, in Section VI,
we discuss this research, and the conclusions are presented.

II. THEORICAL BACK GROUND FOR CHANNEL SOUNDING
A. Time-Varying CIR
A comprehensive description of radio propagation channels
can be found in [8], [34], [35], and [36]. The equivalent
low-pass CIR of time-varying multipath fading channel is
given by
N@)
hy(T.1) = Dy (1)8(x — 1, (1))e O ® (1)
n=o
where N (¢) is the number of resolvable MPCs; [, (¢) is the path
length, corresponding delay 1,(t) = I,(t)/c, Doppler phase
shift ¥p, (1) = fY , 27 fp, (s)ds; and o, (¢) is the path loss of
each MPC that decays exponentially over the path length [, (¢).
Assuming a reflector approaching at a constant speed, the
time-variant equivalent low-pass CIR can be rewritten as

hp(t,t) = aﬁ(r _ .C/(t))e—i@(t)eiwo 2

where

0(t) = 2n fot' (1) = 2nfc(l°_cﬂ =2nf, (ro - %z) 3)
which is the amount of phase change according to the initial
distance (lp) and movement of the reflector with constant
velocity (v), and @ is the phase variation due to reflection.

Substituting (3) into (2), the approximation equation for the
one-tap delay channel can be obtained as follows:

hy(T, 1) & ad(r — go)e 2T T el (4)

and taking the Fourier transform (FT) of (4) with respect to
7, the time-varying CTF of one tap CIR can be written as

Hy(fo1) = / iy (z, e 21 d

oo

= e ot=(+fon] 4t (5)

B. Scattering Parameter in Time-Varying Channel

The scattering parameter (Sp;) is used to estimate the
PDP [21], the Rician K-factor [37], and the DS [22], [38] of
the wireless propagation channel. In case of a single reflector
approaching at a constant speed, the transmitted signal (Stx)
and the received signal (Sgrx) are related as

Srx(fo 1) = S (fo 1) - Stx(fo 1), Fo =< f < Fo+AF (6)

So1(f, 1) = Be i kO—h) _ ﬁe—iz’(t—f(lg—ZW)ei%
— ﬁe—iZﬂ(f‘L’U—fo)eiVlo (7)

where the wavenumber k = 27 f/c, the corresponding path
length [(t) = Iy — 2vt, Fp is the starting frequency for
sweeping, and AF is the measurement BW.

A multipath fading channel typically emulated in RC
follows the wide-sense stationary uncorrelated scattering
(WSSUS) channel model [39]. Under the WSSUS channel
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Fig. 2. Schematic of the channel sounder generating compressed pulse signal
using matched filtering.
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Fig. 3. Burst of pulsed LFM signal and its pulse compressed result under
time-varying channel at different frequency bands.

condition, the statistical distribution of the radio channel can
be distinguished based on whether there is a direct coupling
path between the TX and RX antennas (LOS condition) or
not [non line-of-sight (NLOS) condition] [23]. In that case,
the probability density function (pdf) of the magnitude of Sy,
follows the Rayleigh distribution under the NLOS condition
and the Rician distribution in the LOS condition.

III. PROPOSED CHANNEL SOUNDING TECHNIQUE
A. Sounding Waveform and Its Pulse Compression

The proposed sounding system emits a sequence of RF
waves, which are pulsed LFM signals with a given duty cycle.
The return signal is received and downconverted in the RX
part of the analog domain and then filtered by an MF in
the baseband. Then, a compressed signal of the return wave,
implying information of time delay (r) and Doppler effect
(fp) caused by target movement, is generated in each PRI

In Fig. 2, the schematic presents how to generate pulse
compressed signal by MF of RX complex envelope in the
digital domain. Also, Fig. 3 shows how the pulse compressed
signal is associated with Doppler shift as well as time delay.
Subsequently, it will be shown that the compressed signal of
each LFM pulse can be manipulated in a manner similar to that
of scattering parameters, i.e., Syj-parameter, and as a result,
by measuring the CIR, the characteristics of the time-varying
channel can be estimated.

The 1st TX complex pulse signal can be expressed as
follows:

Tt—T/2\ ; 2
ZB ) =A -rect(T/)elzn(fBSHK 2 ), 0 <71 <Tpr

®)

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on February 28,2025 at 06:00:37 UTC from IEEE Xplore. Restrictions apply.



8501216

where K is the LFM rate (BW/T), fgs = —BW/2, Tpg; is
the PRI, and T is the pulsewidth as described in Fig. 3.

The RF pulses that are upconverted by the local oscillator
(LO), fLo, and emitted through TX antenna are expressed as

K = e el (4 )|
Srx () = A - rect 7 cosq 2w fRFt+K? ©)]

where frr = fir + fLo-

Referring to Fig. 3, the return signal received at the RX
antenna, which is reflected by the approaching object, and
its IF band signal downconverted with f;o are expressed as
follows:

SRE (1) = A’ rect(ﬂ)
X COS[277((fRF+fD)(T—To)+K#)—HZ’0}
(10)

SE (1) =A'- rect(t_’+T/2)

2
X COS[ZJT((fIF-FfD)(‘E—‘L’o)-FK%_fLOTO)
; @0].

Using a quadrature demodulator, we get the RX complex
envelope of S}I{;((r) (i.e., I-Q signal) rewritten as

ZR3 (1) = A rect(r ;TO)

2
ilZn(fD(r—tgH—K (rizm) —fRFTo)+(7)O]
X e

Y

(12)
and the MF of ZE(7) can be defined as
c(t) o 78 (—1) =B -rect(%)e_iz”{K%}, (13)

Thus, using (12) and (13), the pulse compressed signal,
which is derived in Appendix A [see (33)], can be derived
as

1p(.,’.) — A/TBeiZJT{fD(f—To)—fRFfo+@o]N(.L. — 10, fD) (14)
N(z, fo) = rect(%) (T = |7])
x e " ITsinc[(KT + fo)(T — |7])]. (15)

Now, some remarks are in order.

Remark 1: Referring to the equality of the third equation
in (28) in Appendix A, the validity of (14) is guaranteed
only when the instantaneous frequency of TX sounding signal
is linearly corresponding to the sweep time (i.e., the unique
property of LFM in [28] holds).

Remark 2: The function R(z, fy) can be divided into two
parts. One part is a slowly varying component, and the other
part is a rapidly varying component. When a chirp signal has
a large time-bandwidth product (TBP) where TBP = |K|T?,
(15) can be simplified to (35) as shown in Appendix B.
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Remark 3: The Doppler mismatch between the MF and the
received LFM causes an additional time delay of R(z, fo).
However, referring to Appendix B, the resulting time delay still
falls within the time resolution At’, and it can be considered
as almost zero.

Thus, considering the remarks mentioned above, we can
derive an approximation for (15) as

R(t, fo) ~ Te ™ "sinc[BWr]. (16)

Then, by substituting (16) into (14) and using algebraic
manipulations with A” = A’BT/2, the MF output v (r) can
be approximated as

. i g
¥ (7) ~ A"sinc[BW(r — 1p)Je™o7e "2 (frst 2 )0 i, (17)

For the channel measuring interval composed of N
sequences of TX chirp pulse, the time delay t’(¢) correspond-
ing to pulse compressed output for each PRI is given by the
following:

40) = (o = 2vt)

t=nTpgr1 c

t=nTpgri

2v
9— —nlpri), 0<n<N-1. (18)
(&

Now, substituting (18) with 7y of (17), a bivariable function,
1/~/(r, n) that defined in the tn plane with 0 < t < Tpry and
0 <n < N —1, reflecting the Doppler effect of every N chirp
can be obtained as

U(r,n) €y (t; 7't = nTer)

= A" - sinc[BW(r — t/(r))]ei”foe_iZ”(fRﬁ%)’/(”e"%

2v . .
=A". sinc[BW(r - (ro — —nTpRI)):|e’”fD<T‘T0)e’@0
c

—1'271( To— 2Ry T — VT,
e frFT0 PRI ¢ PRIfD)' (19)

-

Because of v <« ¢, both the additive delay term,
2nTpri(v/c), in sinc function and the phase term,
2r fp(v/c)nTpry, in exponential function of (19) can be
assumed to be zero. Thus, (19) can be approximated as

U(t,n) ~ A" - sinc[BW(r — 19)]e/™ /P
_iZHfRFT()eiZT!fl)TPR[n'

X e (20)

Taking the FT of (20) with respect to , the transfer function
can be written as

W(f,n) = /oo U(t,n)e > Tdr, 0<n<N-1 (1)

_ A et =05 fo o2 { Uret- D= fo T} i
BW BW

(22)

Typically, Tprr is chosen to be longer than the expected
maximum time delay. At the same time, since the maximum
Doppler shift (f5'®*) measurable in a sounding system is
determined as

|fol = /5™ = 1/Q2Ter1) (23)
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TABLE I
SUMMARY OF STATISTICAL CHANNEL PARAMETERS AND RELATED FORMULAS
Time-dispersive Characteristics Time-varying Characteristics Statistical Characteristics
- Normalized CIR - - Time-variant CTF - - The power of direct path [37] -
. - i 5% = (S (F, D)2
Basic  |huorm (T 1) H(f,t) = f h(z, t) e2™ T dr
Formulas h, (z, t)e 2 RFt - - The sum of powers in the other
o - scattered components [37] -
i2nfRrrt .
max{absthy (T, eI} here h(r, ) = hy(r, 0ZYRE | 262 Z (1S, (F,6) — (S0 (F, D))
h ) = h ) t = 2 = — 2
FInduced norm(T n) norm(T )l t=nTpR; H(f, Tl) — H(f, t)l t=nTpgs S |('1U(f fRF' Tl))l
ormulas
using = IFT{¥(f — frr, 1)} 92 =
= W f =
w(f,n) | max{abs{IFT{¥(f = for, m)}}} = far 1) (¥ (f = for ) = (P = form)I2)
- Power Delay Profile (PDP) -
URnorm (T, W)|?) - Doppler Spread (DS) Spectra - - Rician K-Factor [36] -
PDP(7) = ’ 2
max{[hnorm (&, M)} | D(f,p) = IDTFT{H(F, Y7 [41] k() = ==
Target - 5 207
Channel - Mean excess delay [40] - i
Parameters ® = Z ¥ (f = frrm)e™" - Rayleigh Distribution [8]-
to be - J, TPDP(2) dt n=—co - . (_r_zz)
. © r)= —e\ 20
estimated J, PDP(1) dt _RMS Doppler BW [38] - f e
using
Y(f,n) - RMS delay spread [40] - = - Rician Distribution [8]-
S puns() = [El D02 r o) i
oo [ G DPDP@ | T 12, Df.p) dp f@) = —elT2m i ()
Jy PDP(7) dt

(- ) : the ensemble averaging operator taken over the channel measuring time index, n.
I, (*) : the zero-order modified Bessel function of the first kind. / r : the magnitude of S,; (i.e. ¥).

the Tpgr; should be sufficiently short to cover the maximum
Doppler shift. In other words, the measurable characteris-
tics of time-varying channel over Tpg; does not exceed the
coherence time [8], which is related to f'**. Furthermore,
if BW > f'"™, W(f, n) can be approximated as

oA /
\IJ(f,n) ~ ﬁ - rect W

x 2 {foTomn}

)eiZH(fRFJrf)Tnei@o

0<n<N-1. 24)

Also, for certain fp corresponding to arbitrary channel delay
79 caused by the time-varying channel, (24) is equal to (22)
at each frequency satisfying |f| < 0.5(BW — f5**). Finally,
when the discrete-time Fourier transform (DTFT) is taken with
respect to n for (24), the Doppler shift ( fp) for a time-varying
channel corresponding to single reflector can be obtained.

B. Relationship Among the Time-Varying CTF (Hp),
Scattering Parameter (S>;), and the CTF of the MF
Output (V)

Comparing (4), (6), and (24), the relationship among Hp,
S>1, and W has a correspondence with one another, which are
given as follows:

Hy(f = frEs Dlizntigy €S20 (5 Dlimni (25)

xV(f— fre,n), 0<n<N-1 (26)

where

AF
Fo < f <Fy+ AF, Fo=pr—T, and
AF = BW — fIx,

In (25) and (26), it is shown that the transfer function of
pulse compressed signal (V) varies directly with the scattering
parameter (S,;), which is proportional to the transfer function
of time-varying equivalent CIR (H,). It indicates that the
pulse compressed result can be emulated as S,; regardless
of time-varying rate under consideration, whether it is fast
or slow. Based on (25) and (26), the relevant formulas and
channel parameters are introduced in terms of W and shown
in Table 1.

The process of extracting channel parameters for a given
environment using both the proposed method and the VNA
method, along with the limitations of the VNA method,
is illustrated in Fig. 4. The depiction of the S, overlapping
on W (f,n), as shown in Fig. 4(c), suggests that the proposed
method enables effective measurement in a manner similar to
previous research, which is verified in Section V-B.

Now, we are to explain the advantages of our pro-
posed sounding method to estimate channel characteristics.
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Fig. 4. Comparison of how each raw dataset is formed in the case of the
VNA and the proposed method. (a) Cube of raw data sampled by ADC of the
proposed channel sounder. (b) Pulse compressed data, ¥ (t, n), generated by
matched filtering of raw data cube. (c) Equivalent CTF, W(f, n), transformed
from v (t, n). (d) Representation of S>; measurement using VNA in either
CW mode or linearly frequency sweep mode.

Typically, S21(f, t), which is measured by the VNA, is used
to measure either the time-varying characteristics (e.g., Rician
K-factor and DS) within a time interval at a single frequency
(i.e., CW time mode) [37], [42] or the delay characteristics
(e.g., Delay spread) within sweep BW at a single time index
(i.e., linear frequency sweep mode) [21] but cannot do both in
parallel. In other words, in time-varying channel conditions,
S»1 1is collected as a function of measuring time in CW mode
at only one frequency within the band of interest [22], and
in quasi-stationary channel condition, S; is measured as a
function of frequency in the linear frequency sweep mode on
a measuring time interval [21], and finally, these processes are
repeated within a given frequency band or time interval. As a
result, the VNA-based sounding method cannot simultane-
ously measure both the delay and time-varying characteristics
of a given channel over a wide BW in an instantaneous
moment.

In contrast, the proposed sounding technique obtains a chirp
pulse-based raw data cube that reflects all channel effects
at any considered instantaneous interval through an ADC,
followed by a pulse compressing process for each chirp. As a
result, our method can simultaneously measure all the features
of a rapidly changing channel, such as delay characteristics
(PDP and rms delay spread), time-varying characteristics (DS
spectrum and rms Doppler BW), and statistical characteristics
(Rician K-factor), using just one measurement attempt at an
instantaneous moment, within both a given sweep BW and
measurement time interval, with an effectively uncountable
number of measurements.
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IV. LFM PULSE-BASED CHANNEL SOUNDING SYSTEM

A. Channel Sounding System Design

A block diagram of the sounding system is shown in Fig. 5.
The system consists of a baseband part, a TX part, including
IF upconverter and a block up converter (BUC), a RX part
combined with a low noise block (LNB) and an IF downcon-
verter, two frequency synthesizers generating LO signals, and
a custom-designed clock distributor synchronized by a low
phase noise oven-controlled crystal oscillator (OCXO).

On the TX path of the baseband, the direct digital synthe-
sizer (DDS, AD9914) periodically emits pulsed chirps with a
duty cycle according to chirp parameters stored in the DDS
registers through the microcontroller unit (MCU, Atmegal28).
When the field programmable gate array (FPGA) (SP605)
delivers an initiating signal for digital ramp generation and
a switch enable signal triggered by PRI to the DDS, the
chirp parameters are activated. This activation results in the
emission of a burst of chirp pulse signal from the internal
digital-to-analog converter (DAC) embedded in the DDS.
The reference clock signal generated by digitally controllable
phase-looked loop (PLL) (AD9516) is transferred to the DDS,
and subsequently, the DDS system clock is directly connected
to the FPGA. Owing to both DDS and FPGA sharing the same
system clock, the coherency of the starting phase of each pulse
can be ensured.

We developed the analog front end of channel sounder
as a heterodyne system adopting direct mixing and filtering
with IF stages in both TX and RX parts, which has various
advantages such as the robustness to dc offset problem, the
ease of frequency selectivity, and the high isolation between
RF and baseband [43]. Also, applying dual IF stages that help
to meet the specified frequency band of the components in
use, we designed a low-cost and easy-to-implement sounding
system prototype by using commercial off-the-shelf RF com-
ponents.

The DDS output is sequentially mixed with the 1st IF LO
and 2nd IF LO that were implemented using two frequency
synthesizers manufactured by MITEQ and upconverted to the
2nd IF and TX RF signal, respectively. The chirp pulses
are emitted sequentially through the elliptical horn antenna
and reflected back by the surrounding environment. The
reflected echoes, which preserve the channel characteristics,
are received through the RX elliptical horn antenna, amplified
by an LNA, downconverted to the 2nd IF and Ist IF, and
filtered by a following high-order waveguide filter in the RX
part.

The linearity of TX part is measured in Fig. 6(a). The TX
part output increases linearly depending on the input power
with a converting gain of 20 dB, where the input power of
saturating point is 4 dBm corresponding to P1dB of 24.5 dB.
The RX output power increases linearly depending on the
input power with a converting gain of 27.25 dB, and the
dynamic range is 101 dB spanning from —121 to —20 dB,
as described in Fig. 6(b). Also, the flatness of TX part is
measured in Fig. 6(c). It exhibits high fluctuations within
a range of 7 dB in the operating band (27.9-28.4 GHz),
which covers the RF sweeping band (28.0-28.26 GHz) for the
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Fig. 6. Dynamic range of (a) TX and (b) RX. Flatness of (c) TX and (d) RX
in the analog RF front end.

chirp signal. By comparing the BUC output flatness and chirp
signals depicted in Fig. 6(c), we can observe the influence
of system on the chirp flatness. As shown in Fig. 5(d), the
RX flatness exhibits a tolerance of 3.5 dB in the IF band
from 0.85 to 1.5 GHz, which covers the sweeping band
(0.87-1.13 GHz) for the chirp sounding signal.

Finally, the output of the RX part is sampled by ADC
(AD9208) at sampling rate (F;) in the RX path of the
baseband. The sampled data are converted to an I/Q signal

by the I/Q demodulator implemented through digital down-
conversion (DDC) adopting a numerical controlled oscillator
(NCO), which resolves the //Q imbalance problem addressed
in analog IQ demodulators [44]. The I/Q signal is digitally
downconverted to the dc frequency band through digital mix-
ing using NCO with 1 GHz and subsequently 2-decimation is
repeated three times to lower F, to F,/(23). Then, the 1/Q
signal is recorded on a laptop computer through real-time data
communication between the data capture board (ADS7-v2)
and GUI based on MATLAB. Although the maximum number
of channel samples in full data acquisition interval of the
proposed channel sounder is 79935 when the PRI is 20 us
corresponding to a maximum measurable Doppler shift of
+0.5/20 us = £25.00 kHz, channel parameters were mea-
sured using only 19 000 CIRs for real-time system calculations
in all experiments. We summarize the system parameters and
capability in Tables II and III, respectively. We set the sweep
BW to cover the planned 200-MHz BW satisfying Frequency
Range 2 (FR2) defined in the 5G NR [45], [46].

B. Calibration

Typically, phase linearity is crucial for the proposed channel
sounder because a sweep signal passing through a system
with disrupted phase linearity can result in a nonlinear phase
response of the MF output, leading to a loss of equivalence
between Sy; and the pulse compressed signal. Furthermore,
even if the system ensures a linear phase, if there is fluctuation
in the amplitude response such as the system flatness as
shown in Fig. 6, the accuracy of estimating channel parameters
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TABLE I Digial Bomain Analog ;
SPECIFICATIONS OF SOUNDING SYSTEM ) o
Tramimitrd BAL | Lp BPA}-,
Parameters Specification - : Comvent ;
TX / RX Antenna gain 13 [dBi] pr P ' =
. LU L Buck-to-back
Transmit peak power 20 [dBm] [: . Ankl
. Cabbeaied i | i
RF carrl.er frequency (fzr) 28 [GHz] F smpat {amc o P"m;-:n Al |
Pulse width (T) 10 [us] wenl [y
Pulse Repetition Interval (Tpg,) 20 [us] = g
Sweep bandwidth (BW) 260 [MHz] Fig. 7. Schematic of the calibration of channel sounder and derived signal
LFM rate (K) 26 [MHz/us] component on the calibration path.
Time bandwidth product (7BP) 2,600
Processing Gain 31.14 [dB] [ Connecting the BUC o L¥B m backsto-back configuration ]
- E 2
ADC/DAC S?mphng rate () 2,688 [MS/s] St e LMF parassweter (T, Tpgp BW) to penerate o baseband
Down sampling rate (F;/8) 336 [MS/s] LFM signal 200 ) wheret = t, Iy, ty.-
# of samples in a PRI 6,720
# of FFT for freq. domain MF 8,192 Al fime (fy) transmit the 255 () rough the back-to-back

TABLE III
SYSTEM PERFORMANCE FOR CHANNEL SOUNDING

Achievement Specification
True delay resolution (1/BW) 3.8 [ns]
Apparent delay resolution (Q/F;) 2.9 [ns]
Maximum unambiguous delay 20 [us]
Channel sampling rate (1/Tpg;) 50.0 [kS/s]
Maximum Doppler frequency (1/2Tpg;) 25.0 [kHz]
Maximum measurable mobility at fzp 964.28 [km/h]
Maximum data acquisition time 1.597 [s]
Minimum Doppler frequency resolution  0.6255 [Hz]
# of CIR per full acquisition interval 79,935

through S»; or MF output will be compromised. To overcome
this problem, a calibrating setup and procedure are devised,
as shown in Figs. 7 and 8, respectively. The setup configuration
is obtained by directly connecting the BUC to LNB in the
back-to-back configuration. A variable waveguide attenuator is
positioned between the BUC and the LNB to directly connect
TX and RX, and it was set to 40-dB attenuation for matching
the RX dynamic range. Then, the calibration factor of this
configuration is measured at a given measurement time f after
waiting for the system to reach a thermal equilibrium state,
ensuring no signal distortion.

To enhance the insight into obtaining the calibration factor,
the S-parameter was measured at the Ist IF band using the
extra VNA (Agilent E8357A) in conjunction with only the RF
front-end part of the considering setup and then compared to
the MF response of one of a sequence of LFM pulses emitted
by the channel sounder, as depicted in Fig. 9. An agreement
between their flatness can be observed in Fig. 10(a), which
exhibits a fluctuation range of 5.2 dB across the entire sweep
BW. The phase responses within sweep BW are presented in
Fig. 10(b), where it can be observed that their phase responses
overlap, indicating a linear phase. There are two facts that can

F=
confguarated chanmel soumber reflecting H ..

E =

Calculaie the ideal frequency response using dhe
Myl ) maiched to 20 ()

1
Mygaae (F) 5 Mgl - Hgpll)

E 2
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Hraar (F 1
r L
HealF My HawlD

wieere the meessured channe] frequency response is
My () = S Hagp () - By (1) 202000

Wheni each .."';.r_,:.[ll' i b e o aisler nacas e nase
caboulnte tlee correct clumme] frequency response
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Fig. 8.  Flowchart for the calibration factor and constructing the correct
frequency response, referring to Fig. 7.
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Fig. 9. Sequence of IQ demodulated pulses in the back-to-back configuration.
(a) Time-domain signal. (b) Spectrogram.

be inferred from the results shown in Fig. 10. First, it can be
deduced that the calibration factor can be defined as a just
real value. Second, it can be concluded that the equivalence
in (26) and (27) holds for back-to-back states.

Now, the calibration factor suitable for our sounding system
is extracted by the calibrating procedure shown in Fig. 8, and
it can be defined as

1

Hca déf Trr vl
() | s (f)]

27)
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and the calibrated. (a) Time-domain /Q chirp. (b) Time-domain MF output.
(c) Magnitude of the MF output on the frequency domain.

where Hgy(f) represents the frequency response of the
analog front-end of channel sounder in the back-to-back
configuration.

For the validation of the effectiveness of the calibration
method, comparison results between the MF output of an
LFM pulse sampled at a different time and the corresponding
calibrated signal are shown in Fig. 11.

In Fig. 11(a), it can be observed that the envelope of
the calibrated /-Q signal approximates a rectangular shape.
In Fig. 11(b), the calibrated MF output is compared to the
noncalibrated one. In Fig. 11(c), the calibrated frequency
response of channel sounder is compared to the noncalibrated
one with the calibration factor, which is measured using both
ADC and ADS7-v2 in the RX baseband. Within the sweep
band, the noncalibrated signal exhibiting the same flatness of
the calibration factor is calibrated to have an ideal frequency
response.

8501216

V. MEASUREMENT RESULTS

To establish the effective channel sounding performance in
the mm-Wave band using the proposed sounding technique,
two experiments were conducted. The first experiment aims
to verify the capability of the proposed system to measure the
channel environment by comparing the measurement results
obtained using the proposed system with the VNA-based
results measured. To enable an accurate comparison of mea-
surement results between the two systems, the tests were
conducted in an RC where the same channel environment
could be repeatedly generated. The second test is to extract
channel parameters from measured data using the proposed
system in a given channel environment and define the channel
characteristics. In the second test, the reliability of the pro-
posed system’s ability to estimate channel characteristics is
further enhanced by overlapping the channel variable values
extracted using a conventional method.

A. Experimental Setup

The experimental setup in the RC, which includes the
dimension of the RC, configuration of TX and RX antennas,
deployment of the absorbers, and positioning of three mode
stirrers, is shown in Figs. 12 and 13. In RC, the small-scale
fading environment can be generated by a rotating mode
stirrer, which appears as moving scatter, and flat absorbers
attached to the conductive wall that change the boundary
condition. Two mode stirrers are installed. One is a fixed
z-folded-shaped mode stirrer installed on the bottom of the
RC along the z-axis, rotating at high constant r/min (stirrer-1).
The other is the same mode stirrer rotating at an extremely low
constant r/min (stirrer-2). There are four measurement scenar-
ios to consider. The Ist and 2nd examinations are conducted
in an LOS environment with activated stirrer-1, stirrer-2, and
absorbers attached to the wall to create time-varying channel
conditions. In these scenarios, the TX antenna is positioned
about 2 m away from the RX antenna to create a strongly
coupled component. The 3rd and 4th tests are performed to
an NLOS environment with the same stirrers and absorber
deployment, except the TX and RX antennas configuration to
avoid creating LOS component. One time-variant sample of
the CIR was acquired at a rate of 50 kS/s, corresponding to
the inverse of PRI, and 19000 samples were obtained during
a total observation time of 380 ms. As a result, the range
of the DS spectrum is —25 to 25 kHz, and its resolution
is about 2.6316 Hz. The time for one revolution of stirrer-1
is about 300 ms, which is shorter than the total observation
time. To reduce the correlation between the CIR samples
measured during one revolution and the samples measured
during the remaining 80 ms, stirrer-2 is used interchangeably
with stirrer-1. A detail of the experimental setups for each case
is specified in Table IV. Also, two identical horn antennas,
which are elliptical corrugated, were used for TX and RX
in this experiment considering the wide beamwidth and path
loss of the mm-Wave. The polarization of both antennas is
right-handed circular polarization (RHCP) and the radiation
pattern is shown in Fig. 14.
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Fig. 12. Experimental setup and deployment in the RC.

Fig. 13.
environments in the RC.

TX and RX antenna configuration according to LOS or NLOS

TABLE IV
DETAILS OF EXPERIMENT SETUP

Measuring Doppler Freq. Ant. Gain

. Target  Rotating Ilo[m] !
Absorber Time[ms] Resolution /
Case Position  /# of CIR Band Mode / # of FFT /TX
sl [GHz] Stirrer To[ns] for DS Power
1 A,B,C . (LOS)
Stirrerl 2.6316 .
2 None 3 ?0 2800 oorpmy 267 g 13 ABI
A.B,C T /Stirrer2 /
3 19000 2826 o< (NLOS) 20 [dBm]
4 None (0.5pm)  6.45/21.5 32768

B. Comparison With VNA-Based Measurements

To verify the effectiveness of the proposed technique, two
tests were performed in the same environment similar to
Case 4 listed in Table IV. In the first experiment, the time
variation of considering channel due to the rotation of either
stirrer-1 or stirrer-2 was measured by the proposed method
[i.e., W(f,?))] and compared with the data measured by the
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Fig. 14. Co-pol. radiation patterns of ¢ = 0° and ¢ = 90° at 28, 28.13, and
28.26 GHz.

VNA-based CW mode [i.e., S21(f,,1)]. We set the VNA to
CW mode, with a single frequency f, set to 28.13 GHz, and
obtained S,; composed of 16001 samples during a measure-
ment time interval of 1.1 s. Each stirrer was rotated separately,
with stirrer-1 and stirrer-2 rotating at 200 and 0.5 r/min,
respectively, to create a fast-varying channel and a slow-
varying channel. A good agreement of time-varying tendency
between the proposed method and the VNA-based approach
is shown in Fig. 15(a). In addition, in the test conducted in
a fast time-varying channel created by only stirrer-1, it can
be confirmed that the channel variation exhibits periodicity
with the rotation of stirrer-1. Through this observation, the
rotation speed of the stirrer was indirectly confirmed to be
approximately 200 r/min.

In the second experiment, the variation over considering
channel BW due to the delay spread generated by the boundary
condition of the RC was measured by the proposed method
and compared with the data measured by the VNA-based
frequency sweep mode [i.e., S>;(f,?,)]. In this test, we set
the VNA to sweep mode with a sweep BW of 336 MHz and
obtained S,; composed of 1601 samples at a certain time ¢,.
To set the sweep mode, all the mode stirrers were put to sleep
to create a quasi-stationary channel state. It can be seen that
there is good agreement between the CTFs measured by the
proposed method and the VNA-based method in Fig. 15(b).

These results support the advantages of the proposed sound-
ing technique mentioned in Section III-B.

C. Channel Measurement Using the Proposed Channel
Sounder

When the strength of one path is greater than that of
the other signal, the nature of the propagation is referred
to as a Rician fading channel. Conversely, if there is no
direct coupling between TX and RX, then the nature of the
propagation is known as a Rayleigh fading channel. The
two antennas are placed either face-to-face or positioned on
separate planes to create LOS or NLOS conditions, as shown
in Fig. 12.

The time-dispersive characteristics in RC are estimated
using PDP, which is obtained from 1}(1’, n) measured by the
proposed system, as shown in Fig. 16. In the PDP obtained
under LOS conditions, the power of the direct coupling com-
ponent is significantly stronger than the scattered power, which
is the sum of the powers of other MPCs. As a result, the noise
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single frequency. (b) Channel variation over frequency at a single measurement instance.

TABLE V
FEATURES OF TIME-DISPERSIVE NATURE

M Casel Case2 Case3 Case4
Mean excess delay (f) [us]  0.0176 0.1810 0.0998 0.5859
RMS Delay Spread (taus) [us]  0.0232 03771 0.0623  0.5341
Bc..9 (1/50Tys) [MHz] [21] 0.8621 0.0530 0.3210 0.0374

floor of the sampled CIR tends to coincide with its ensem-
ble average. It has been confirmed that the received power
decreases exponentially as the excess delay time increases,
which is a general fact. In cases where absorbers are installed
in the RC, the echoes of the emitted signal decay rapidly due to
absorption by the absorbers. As a result, the received power
decreases more quickly, leading to a reduction in the mean
excess delay and rms delay spread, while the coherent BW of
the emulated environment in the RC increases. On the other
hand, due to the absence of the LOS, the delay spread of
the Rayleigh fading is larger compared to a Rician fading,
resulting in a narrower coherent BW. The main features of
time-dispersive nature, such as mean excess delay, rms delay
spreads with —90-dB threshold, and coherence BW (Bc_¢y9),
are estimated and summarized in Table V.

The scatter plots of W(f, n) measured at 28.13 GHz are
shown in Fig. 17. Due to the presence of the absorber in
Cases 1 and 3, the echo of the LFM pulse inside the RC decays
rapidly resulting in a much smaller clustered area compared
to Cases 2 and 4. In the LOS condition, since a direct link
between TX and RX antennas has a large magnitude compared
to the scattered components, the measured signals are clustered
in a circle and biased away from the origin. Meanwhile, in an
NLOS environment, the measured signals are clustered in a
circle but are centered near the origin (more precisely, slightly
shifted from the origin) due to the direct signal path between
the antennas caused by the backward radiated component of
the TX antenna and the presence of few unstirred MPCs.
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Fig. 16. Channel delay characteristic measurement result in the RC.
(a) ¥(t,n). (b) PDP.

The distributions of |W( f, n)| measured at 28.13 GHz, such
as cumulative distribution function (cdf), are compared to the
theoretical distributions in Fig. 18, and their means and vari-
ances are summarized in Table VI. The measured distribution
aligns well with the theoretical Rician distribution [48], which
indicates the reliability of the experimental environment for
validating the proposed system. It can be observed that the
measured distribution gradually tends toward the Gaussian
distribution [47] under LOS conditions, while under NLOS
conditions, it fits well with the ideal Rayleigh distribution.

We computed the Rician K-factors, K (f), which can be
directly estimated using W(f, n), and compared them with
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TABLE VI
SUMMARY OF MEASURED AND THEORETICAL STATISTICS

Distribution Cherinel Casel Case2 Case3 Case4d
Measured Mean 0.4061 0.4175 0.0888 0.2368
Variance 0.0022  0.0212  0.00210 0.01592
. Rayleigh parameter (o) 0.0685 0.1890
Rayleigh
PDF Mean (1.2533 o) 0.0859 0.2369
Variance (0.4292 ¢2) 0.00201 0.01533
. Mean (s) 0.398 0.384 0.0496 0.0223
R}igg‘l Variance 0?)  0.0467  0.1526  0.0611  0.1877
K-factor [dB] 15.6010 5.0052  -4.8215 -21.5135
Gaussian Mean 0.402 0.4152
PDF Variance 0.0472  0.1485

those measured by VNA in CW mode at 53 frequencies,
repeated every 5 MHz within sweep BW. A good fitness of
tendency between the proposed method and the VNA-based
approach is shown in Fig. 19. However, there are slight
discrepancies observed at certain frequencies between the
two methods. These discrepancies are believed to arise from
the mismatch of the corresponding acquisition time intervals
corresponding to time-varying channel in each case. In the
LOS condition, because the dominant signal power remains
constant, while the scattered signal power decreases due to
the presence of the absorber, the measured K-factor increases.
In the NLOS condition, it is intuitive for the scattering signal
power to decrease because of the presence of the absorber,
resulting in an increase in the K-factor. Furthermore, with the
presence of absorbers in the RC, the coherent BW increases,
resulting in a decrease in the fluctuation of the Rician
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Fig. 20. DS spectra estimated of the fading channel in RC.
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K-factor over the sweep band. This phenomenon is even more
pronounced in NLOS environments. It is noticeable that the
K-factors measured at 28.13 GHz exhibit consistency with the
theoretically calculated K-factors listed in Table VI.

The DS spectrum at 28.13 GHz was estimated and nor-
malized to 0 dB for each case (in fact, using our system,
the DS spectra, D(f, p), can be estimated for all frequencies
within the sweep BW), and it has been further enhanced in
clarity by applying the moving average with five samples for
estimation. These outcomes are collectively shown in Fig. 20.
Typically, when the RX antenna is moving, the shape of
the DS spectrum follows Clark’s DS model resulting in a
U-shape because all received signals in NLOS environments
are shifted by the movement of the receiver [49]. In contrast,
as our experimental configuration, the measured DS spectra
of the scattering signal resemble the Doppler model, which
is inverse-V shape used in the development and testing of
802.11n devices with fixed TX and RX antennas [50]. In this
demonstration, we consider the rms Doppler BW, pois(f),



BAE et al.: NOVEL CHANNEL SOUNDING METHOD BASED ON PULSED LFM SIGNAL FOR mm-WAVE APPLICATION

TABLE VII
FEATURES OF TIME-VARYING NATURE

Absorber

Fleaiinies Case 1 Case 2 Case 3 Case 4
Maximum Doppler shift (f;,) [kHz] 1.019 2.812 2.309 4.845
Doppler Spread (Bp) (=prms) [Hz] 5323 338.31 268.97 618.68

Tes0 (=9/16mBp) [ms] [21] 3.364 0.529 0.665 0.289

as the DS (Bp), and estimate pms(f) from D(f, p) by
applying a noise floor of —70 dB under LOS conditions and
—55 dB under NLOS conditions. Thus, both D(f, p) and
oms(f) extracted using the proposed method are compared
with the results measured by the VNA-based CW mode, and a
good agreement is observed, as shown in Figs. 20 and 21. This
implies the validation of the proposed method for extracting
the time-varying characteristic of a given channel. Finally, the
main features of time-varying nature, such as the maximum
Doppler shift, the rms Doppler BW, and the coherence time
(Tc—sp) estimated at 28.13 GHz, are listed in Table VII.

Intuitively, in the absence of absorber in RC, resulting
in an increase in the scattering component, there are three
notable results to consider regarding the DS. The first one
is that the spectrum spreading widens across all frequencies
within the sweep band. This BW widening occurs due to the
increased relative velocity of scattering components resulting
from multiple reflections caused by the rotating mode stirrer,
thereby increasing the likelihood of high relative velocity
components occurring. The second one is that the variation
range of the rms Doppler BW in the LOS condition widens due
to a reduction in the difference between dominant component
and scattering signal power, whereas in the NLOS channel,
the range of variations in rms Doppler BW remains constant
due to the absence of LOS power. The last one is that the
fluctuation of the rms Doppler BW increases over the sweep
band due to reduction in the coherent BW.

In addition, all the slopes of the fitting lines in the LOS
condition are less than zero, indicating that the rms Doppler
BW values decrease linearly with respect to the measure-
ment frequency. This decrease occurs because the Doppler
shift of the scattered signal increases proportionally with the
measurement frequency, while the propagation loss, which is
inversely proportional to the square of the frequency, exceeds
the loss of the dominant component. Conversely, in the NLOS
condition, all the slopes of the fitting lines are greater than
zero, indicating that the rms Doppler BW increases linearly
with the measurement frequency. This increase is due to the
fact that, in the absence of dominant components, the Doppler
shift of the scattering multipath signals rises proportionally
with the measurement frequency.

VI. CONCLUSION AND DISCUSSION

We introduce an efficient radio channel sounding technique
based on pulsed LFM chirp sounding signal to extend the
capability of extracting the channel parameter for use in
the mm-Wave band. We demonstrate that the unique prop-
erty of LFM ensures that the frequency-domain MF output
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of the proposed channel sounding method varies directly
with the scattering parameter (S,;) regardless of whether the
time-varying channel is fast fading or slow fading. In other
words, we exhibit the compatibility between the proposed
sounding technique and the existing VNA-based method for
extracting the CTF or CIR of time-varying channels in a spe-
cific band. We provide a detailed explanation of the hardware
and specifications for effectively implementing the proposed
channel sounding technique, making it easily reproducible by
other researchers and developers with reducing the economic
cost. Also, we introduce a calibration method suitable for
the overall sounding system to ensure reliable measurements.
In Section V, we have presented a specific explanation of
practical experiments in RC. We also verified the capability
of the proposed sounding system to accurately measure the
given channel environment by comparing the results with
those based on the VNA-based method. In the end, we suc-
cessfully demonstrated the abilities of the proposed sounding
technique for channel parameter estimation and channel char-
acteristic analysis. To the best of our knowledge, this is
the first channel sounding method showing how to simulta-
neously estimate both the time delay and DS, representing
the characteristics of the small-scale fading channel environ-
ment, along with illustrating the process of estimating the
Rician K-factor representing the severity of the fading channel
without any unnecessary steps.

In accordance with the global trend of 5G and upcoming 6G
technology, we hope that this article presents the possibility
of developing channel sounders in mm-Wave and can help
other engineers simulate and design wireless systems. The
limitation of this research is that verification was conducted
just ideal case generated in RC. For radio propagation studies
in a realistic outdoor channel environment, a sounder capable
of maintaining a large keep out distance between the TX and
RX antennas is necessary, and performance enhancement using
a low-loss, lengthy IF cable is currently under development.
In future research, we plan to develop a multitransmit and
multireceive channels sounder based on pulsed LFM signal
for multiple-input-multiple-output (MIMO) measurements.

APPENDIX A
DERIVATION OF THE MF OUTPUT

In this appendix, (14) and (15) are derived. It is straightfor-
ward to show as follows:

1 1 [
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Fig. 22.  Overlap section and integral interval of (28) which is varying

according to 7’ in [-T, T].

The interval of integral in (28) is valid only when the two
rectangular functions overlap. The integral can be evaluated
by separating it into two parts: one part where the signal is to
the left of the MF (—T < 7’ =t — 79 < 0) and the other part
where it is to the right (0 <t/ = — 19 < T), corresponding
to two cases of overlap, as depicted in Fig. 22.

Now, we calculate (28) for the first case, — T <t —15 <0,
through some algebraic manipulations as follows:
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The remaining derivation for 0 < ¢t — 7y < T is the same
except for the change of the integral interval as follows:

X
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Finally, by combining (29) and (30), we can derive ¥comp(t)
for interval through —7 <t — 19 < T as follows:

wcomp(t) = 1pcomla(t)|,7~5t7rs() + wcompa)\Og—rgT

(30)
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APPENDIX B

APPROXIMATION OF R(7, fj)

R(7, fo) can be divided into two parts: a slowly varying
part with a triangular shape given by (T — |t|)rect(z/2T)
and a rapidly varying part represented by the sinc function.
The triangular shape comes from the fact that the fraction of
the two functions, ZE3(#) and c(¢), that overlap each other,
decreases linearly from the middle, as the constant-magnitude
functions are shifted in relation to each other. The fast-varying
part can be approximately expressed by three sinc functions
with peak values at t = —T, 0, and +7. The contribution of
the sinc functions, which peak at —7 and 7, is negligible
since the proximity of these points. In addition, assuming
that a chirp pulse has a large TBP (e.g., |K|T? > 100), the
effective duration of each sinc function is much smaller than
T [51]. Considering the properties mentioned above, (32) can
be approximated as

T

N(z, fo) = rect(ZT)(T — Iz

Slow Varying Part

x e N sinc[(KT + fo)(T — 2] (32)

Fast Varying Part
~T -rect(%)e‘i”fbtsinc[BW(r +7'(f0)] (33)

where ©'(fy) = T fo/BW.
Referring to the maximum Doppler shift (/') of (23),
we can define the range of 7/(fj) as follows:

()] = |5 () | = 5
= 12BW\ 7o J | = 2BW

When the sweep BW satisfies BW > 1 in (34), we can
assume that 7/(fy) ~ 0 and ignore the additional time
delay caused by the Doppler effect. Finally, we obtain an
approximation of R(z, fy), which is expressed as

R(z, fo) ~ Te ™hTsinc[BWr].

(34)

(35)
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In Fig. 23, the expressions of (32), (33), and (35) are
described and compared with the system parameter (i.e., sweep
BW, K, T, and TBP) summarized in Table II. Even if the
time delay is caused by any arbitrary Doppler frequency less
than f'**, the resulting time delay still falls within the time

resolution At/ =

1/Tpr1. As a result, in Fig. 23, we can

confirm that there is a slight time shift due to the Doppler
effect, but it does not alter the shape of the pulse compressed
output and barely reduces their amplitude.
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