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Abstract—This paper presents a multi-user channel measure-
ment campaign using a recently developed VNA-based multi-link
channel sounder in an indoor hall scenario. The channel sounder
architecture and comparison with the conventional multi-link
channel sounder are firstly demonstrated, with a focus on the
cost-effectiveness of the developed channel sounder. The two
multi-user location combinations are considered in these channel
measurements. The empirical channel data for the multi-user
is then processed using the calibration procedure. By using the
classical beamforming algorithm, the power-angle-delay-profiles
(PADPs) are obtained from the calibrated channel response. The
channel characteristics of the two links, i.e., PADP, delay and
angular spread, are analyzed and compared.

Index Terms—Multi-link, Channel measurements, mmWave,
phase-compensation.

I. INTRODUCTION

Massive multiple-input multiple-output (MIMO) has

emerged as a critical technology for fifth-generation (5G)

and future communication systems, allowing several users to

share the same time-frequency resource [1], [2]. The massive

MIMO performance is strongly dependent on the spatial

distributions of the multiple users. Thus, proper knowledge

of the realistic spatial channels for multiple users in the

real-world deployment scenarios is crucial.

The huge potential of massive MIMO has led to the

development of the multi-link channel sounders which have

been used in channel measurement campaigns to explore the

multi-user channel at sub-6GHz bands [3], [4] and millimeter-

wave (mmWave) bands [5], [6]. In the literature, state-of-

the-art multi-link channel sounders are mainly based on

two techniques: time-domain and frequency-domain. Channel

sounders using time-domain techniques in combination with

real antenna array (RAA) are typically utilized in dynamic

massive MIMO channels. The main advantage of time-domain

techniques is the high sampling rate and free operation of

the transmitter (Tx) and receiver (Rx) [3], [4]. The tether-

free operation of the Tx and Rx is nonetheless the main

drawback of time-domain techniques due to the complexity of

clock synchronization between the Tx and Rx. Furthermore, as

the frequency and the amount of transceiver chains increase,

the system cost increases significantly, and the calibration

becomes more complicated.

As for channel sounders using frequency-domain tech-

niques, the vector network analyzer (VNA)-based channel

sounder is popular for investigating the MIMO channels

in combination with the virtual antenna array (VAA) con-

cept.However, two constraints limit the VNA use in MIMO

channels in long-range scenarios, i.e., high signal loss in the

radio frequency (RF) cables and the port resource limitation.

The first limitation is that since the signal generator and

analyzer are co-located in the VNA, we need to extend the

antennas connected to the VNA via RF cables. The VNA-

based channel sounders are typically employed in short-range

measurement applications since the signal attenuation in RF

cable reduces the dynamic range of the sounder, partically

at mmWave frequencies. This limitations can be solved by

radio-over-fiber (RoF) techniques since the signal attenuation

in the optical fiber is significantly lower than that in the RF

cable [7]. However, the application of RoF methods in phase-

coherent measurements is constrained since the signal phase

in the fiber is intrinsically sensitive to temperature change and

mechanical stress of the fibers. The signal phase in the fiber

can be stabilized by using the phase-compensation method [8],

[9].

The VNA port resource also limits the amount of the

transceiver chains for multi-user/multi-link channel investi-

gations. This constraint can be overcome by using the op-

tical delay line and combiner scheme. The orthogonality of

the multi-link signals is maintained by the delay line. The

combiner is utilized to combine all of the received signal and

send the combined sigal to the one receiving port in the VNA

[10], [11]. In [11], a cost-effective phase-compensated multi-

link sounder at mmWave bands is proposed. The measurement

range is increased by using the RoF scheme. By using a down-

conversion scheme, the mmWave signal is down-converted to

10-60MHz, where the phase change of the transmitted signal

in the fiber is negligible. Furthermore, the port resource of the

VNA can be saved by applying the delay line and combiner

scheme at 10-60MHz.

In this paper, the VNA-based multi-link phase-compensated

channel sounder proposed in [11] is employed to measure

multi-user channel measurements at 28GHz. Note that only

two links are considered in this study, however, this can be

extended to up to 16 links. We measure two multi-user location
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Fig. 1. Block diagrams of the channel sounder. (a) Conventional VNA-based multi-link channel sounder based on [8]. (b) Delay line and combiner scheme
[10]. (c) Phase-compensated multi-link channel sounder [11].

combinations at the Rx side. The wideband spatial channel

characteristics, i.e., power-angle-delay-profiles (PADPs), delay

spread, and angular spread, for both links are also analyzed.

The remainder of this paper is structured as follows. The

construction of the multi-link channel sounders at mmWave

bands and the description of the measurement scenario are

outlined in Section II. Section III analyses the detailed mea-

surement results. Finally, concluding remarks are presented in

Section IV.

II. MEASUREMENT EQUIPMEMNT AND SCENARIO

A. Channel Sounder Architecture

The conventional multi-link phase-compensated channel

sounder is illustrated in Fig. 1 (a), which is the direct extension

in [8] and is simple and straightforward to conduct the phase-

coherent channel measurements. However, the receiving port

source of commercial VNAs is limited. For example, Keysight

N5227B VNA has up to five receiving ports, one port is used

for receiving the reference signal on the Tx side and one port is

occupied for the phase-compensation feedback link. Therefore,

we only could achieve 3 multi-links by using the conventional

sounder. In [10], a delay line and combiner scheme was

proposed, which is a solution to port resource constraints.

The scheme is depicted in Fig. 1 (b). However, at mmWave

frequency bands, the phase performance of the optical delay

line becomes unstable. Thus, it cannot be used for phase-

coherent measurements. Due to the receiving port limitations,

the phase-compensation schemes can only be applied to 3
links.

In [11], a cost-effective multi-link phase-compensated chan-

nel sounder is proposed and illustrated in Fig. 1 (c). Port 1 and

Port 3 transmit the RF signal in the frequency range of 10-

50GHz, and the LO signal at 3.33-16.65GHz, respectively.

The RF signal is first split into two signals. One of the RF

signals is transmitted through the channel by the Tx antenna

and the other one is demodulated to intermedia frequency (IF)

signal at 10-60MHz and sent back to port A as a reference

signal. The Rx received signal is demodulated to IF signal

and sent through the low frequency (LF) RoF scheme (i.e.,

LF laser, fiber, and LF photo detector). Note that according

to [12], the phase performance of the optical fiber cables at

10-60MHz is stable. The IF signals is delayed by the delay

line and all of those delayed signals are mixed by a combiner.

Then the combined signal is sent to Port B. Thanks to the use

of the down-conversion scheme, we only need to apply one

phase-compensation scheme on the LO cable at the Rx side.

Additionally, we only require one port to support multiple Rx

links due to the delay line and combiner scheme.

B. Measurement Scenario
The multi-user channel measurements are conducted in an

indoor scenario. The size of the room is 8.2 × 4.8m2. Fig. 2

depicts the measurement scenario. We set the Tx height and the
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Fig. 2. Photo of the indoor scenario for two cases (a) Case 1 (b) Case 2.

Rx height to be the same as 1.45m. A positioning stage is used

at the Tx to implement a 23× 30 virtual uniform rectangular

array (URA) (i.e., 690 VAA elements) with an 0.4λ inter-

element distance during the channel measurements. The VNA

is configured to operate a frequency sweep from 28 to 30GHz

with a bandwidth of 2GHz, a 20 kHz VNA IF bandwidth, and

1501 frequency points for each VAA element. The delay line

can add a delay τDL to the optical signal transmission:

τDL =
Ldelay ·BIF

cfiber ·BRF
(1)

where LDL denotes the optical delay line length. cfiber =
2.04× 108 m/s represents the light speed in the fiber, BWRF

and BWIF represent the bandwidth of the RF signal and IF

signal, respectively. According to (1), the delay τDL caused

by the optical delay line depends on the length LDL, the

bandwidth BRF , and the bandwidth BIF . Due to the use of the

bias network, the bandwidth of the IF signal is limited in the

frequency range of 10-60MHz. Thus, the length of the delay

line is set to be 1632m. Note that a table is put between the

two Rx links to support the RF components in the sounder.

In the channel measurement campaign, we measure two Rx

location combination cases: 1) As demonstrated in Fig. 2 (a),

the Rxs are placed in the different LoS direction to the Tx.

Link 1 (i.e., Tx-Rx 1) and Link 2 (i.e., Tx-Rx 2) have the same

link distance of 4.17m and the Rx 1-Rx 2 distance is 1m. 2)

Fig. 2 (b) depicts the scenario of Case 2. The Rxs are placed

in the same LoS direction to the Tx. The Tx-Rx 1 distance is

4m, and the Tx-Rx 2 distance is 5m.

TABLE I
MEASUREMENT CONFIGURATION FOR THE TWO SCENARIOS.

Parameter Value
Frequency (GHz) 28-30

VAA type URA
Array size (x×y) 23× 30

Inter-element distance (cm) 0.4
Number of points 1501

Transmitted power (dBm) 0
VNA IF bandwidth (kHz) 20

Antenna height (m) 1.45
Antenna type at Tx Custom wideband biconical [13]

Antenna gain at Tx (dBi) 4.5
Number of Rx links 2
Antenna type at Rx Biconical AINFO-SZ-2003000/P

Antenna gain at Rx (dBi) 5
Delay line length (m) 1632
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Fig. 3. Exemplary CIR results in Case 2. (a) CIR before calibration. (b)
Calibrated CIR.

III. MEASUREMENT RESULTS

A. Data process

During the measurements, the received signals of each

link are recorded in port B, and the frequency response is

recorded as SBA. Note that before the channel measurements,

we remove the antennas and connect the Tx to each Rx to

record the back-to-back system response for each link. In

the post-processing, we first conduct the phase-compensation

procedure using the recorded frequency response of the feed-

back link. We then perform the inverse discrete Fourier
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Fig. 4. PADP results using the classical beamforming algorithm in Case 1.
(a) Link 1. (b) Link 2.

transform (IDFT) and use rectangular window functions with

the specific delay range for each link in the delay domain to

separate the response for Link 1 to Link N , i.e., s1(τ), s2(τ−
Δτ), . . . , sn(τ − (N − 1)Δτ). After separating the response

for each link, we perform discrete Fourier transform (DFT)

and apply the calibration procedure in the frequency domain.

The detailed phase-compensation and calibration procedures

can be referred to in [11]. The calibrated frequency responses

are then processed using the classical beamforming algorithm

[14] to obtain spatial-temporal channel characteristics. Fig. 3

illustrates the exemplary channel impulse response (CIR)

before and after calibration. We can observe in the uncalibrated

PDP that the paths of the two links are completely separated,

as shown in Fig. 3 (a).

A 30-dB dynamic range is taken into account in relation

to the line-of-sight (LoS) component’s power in the measure-

ment results. We also analyzed the delay spread and angular

spread using the obtained delay and angle information of the

identified paths. The detailed equations of the delay spread

and angular spread can be referred to in [15].

B. Result and analysis

1) Case 1: The PADPs of both links are depicted in Fig. 4.

Note that in this work, we only focus on the dominant

paths. The delays of the LoS path in Link 1 and Link 2 are

13.5 ns and 14 ns, respectively. While the angle-of-departures

(AoDs) of the LoS path in Link 1 and Link 2 are 171◦ and

186◦, respectively. The relation of the identified multi-path

components (MPCs) to the geometry of the indoor scenario

can be referred in [11]. The delay spread and angular spread

are calculated and illustrated in Table II. The delay spreads of

the two links are shown to be close. However, the AoD spread

(a)

(b)

Fig. 5. PADP results using the classical beamforming algorithm in Case 2.
(a) Link 1. (b) Link 2.

of the Link 1 is observed to be 32.89◦ lower than that of Link 2
since the AoD range of the MPCs in Link 2 is [2◦, 208◦], which

is much wider than that in Link 1, i.e., [113◦, 215◦].
2) Case 2: The PADPs of the two links are depicted in

Fig. 5. We identify 9 and 7 dominant paths for the analysis of

Link 1 and Link 2, respectively. The LoS path with an AoD

of 177◦ and a delay of 13 ns is observed in Link 1, while the

AoD and delay of the LoS path of Link 2 are seen to be 178◦

and 16.5 ns, respectively. The delay of the LoS path of the

two links match the link distances between the Tx and the

Rxs. The relationship between the identified MPCs and the

geometry of the indoor scenario are depicted in Fig. 6. The

LoS power of the both links are −72.69 dB and −86.70 dB.

The Friis free-space path loss (FSPL) equation at 29GHz is

written as:

FSPL = 20 ∗ log10
(
4πfd

c

)
= 20 ∗ log10 d+ 61.69 (2)

where f , c, and d denote the carrier frequency (i.e., 29GHz),

the speed of the light in vacuum, and the distance between the

Tx and Rx, respectively. The theoretical value is calculated as

−73.73 dB for Link 1 and −75.67 dB, respectively. The LoS

power of Link 1 is close to the FSPL value. While the LoS

power of Link 2 is 11.03 dB lower than the FSPL value due

to the fact that the LoS of Link 2 is blocked by the Rx 1,

which reduces the LoS power. Note that path 9 in Link 1 is

observed to be the path from the ground reflection, and the

ground reflection in Link 2 is seen to be blocked by the table.

Besides, the identified path 1 and path 2-7 are observed to have

a good similarity of the two links. The calculated delay spread

and angular spread of the two links are illustrated in Table II.

The delay spread and the AoD spread of Link 2 are observed to

be 1.4 ns and 27.51◦ lower than those of Link 1, respectively,

This paper's copyright is held by the author(s). It is published in these proceedings and included in any archive such as IEEE Xplore 
under the license granted by the "Agreement Granting EurAAP Rights Related to Publication of Scholarly Work."
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Fig. 6. Identified ray trajectory compared to room geometry in Case 2. (a)
Rx 1. (b) Rx 2.

which is due to the blockage of the Rx 1 antenna and the fewer

MPCs in Link 2.

TABLE II
DELAY SPREAD AND AOD SPREAD RESULTS OF THE TWO LINKS.

Case 1 Case 2
Parameter Link 1 Link 2 Link 1 Link 2

Delay spread (ns) 8.04 7.32 7.86 6.46
AoD spread (◦) 30.15 63.04 64.14 36.63

IV. CONCLUSION

In this paper, the multi-user channel characterization using

the VNA-based multi-link channel sounder in an indoor hall

scenario is presented. We first compare our channel sounder

architecture with the conventional multi-link channel sounder

and show the cost-effectiveness of the developed channel

sounder. Then, we use the phase-compensation and calibration

procedure in [11] to process the measured channel data. Then

we use the classical beamforming algorithm to obtain the

PADP. We observed attenuation of the LoS power in Link 2
due to the blockage of the Rx 1 antenna. The MPCs of both

links in Case 2 are seen to have a good similarity. Besides, we

also calculate and compare the delay spread and AoD spread

of the two links. In future work, we plan to use precoding

analysis for these two cases.
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