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A B S T R A C T

To calibrate the test system of fifth-generation (5G) massive multiple-input multiple-output (MIMO) base
station (BS), this paper proposes a promising single-port measurement scheme, which is more cost-effective
and convenient than conventional scheme. The conventional scheme first requires the disconnection of the
measurement equipment from the BS test system, and then uses a costly vector network analyzer (VNA) for the
system calibration measurement, which is cumbersome, slow, and inconvenient. Instead, the proposed scheme
can conduct the system calibration with low cost directly based on the existing measurement equipment in
the original test system, i.e. no need for the extra expensive VNA. The accuracy performance of the proposed
scheme is evaluated by the frequency response error measured between the proposed and the conventional
schemes, e.g. with an amplitude error range of [−0.45, 0.14] dB and a phase error range of [−0.2◦, 2.5◦].
Therefore, the superiority is that the proposed single-port scheme in this paper accomplished the equivalent
measurement as the conventional scheme, and further reduced the cost and inconvenience for the test industry.
Finally, the reduced cost and complexity by the proposed measurement scheme is beneficial to both the
industry and academic scientific world in terms of faster and more efficient testing as well as increased
reproducibility of research findings.
. Introduction

Massive multiple-input multiple-output (MIMO) technology has been
tilized in the fifth-generation (5G) cellular network base stations (BSs)
hat support high rate transmission to multiple simultaneous users [1–
]. MIMO technology involves the use of multiple antennas at both the
ransmitter and receiver to enhance communication by exploiting the
patial dimension of the channel [5,6]. There are several techniques
sed in MIMO technology, including spatial multiplexing to increase
ata-rate, spatial diversity to improve communication robustness, and
eamforming to improve signal to noise ratio. The multi-antenna
echnology has found wide applications in modern communication
ystems [7,8], e.g. MIMO radar, MIMO imaging, and MIMO satellite
ommunication. The conformance testing of 5G BS is an indispensable
tep for 5G new radio (NR) networks development and application.
he conformance testing is also important for ensuring that devices

∗ Correspondence to: National Mobile Communications Research Laboratory, School of Information Science and Engineering, Southeast
niversity, 210096 Nanjing, China.
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and networks meet regulatory requirements. The radio frequency (RF)
test methods and conformance requirements of 5G NR BS have been
specified in the 3rd generation partnership project (3GPP) technical
specifications for both conducted and radiated testing [9–11]. The con-
ducted testing method uses a well-defined cable between the BS under
test and the measurement equipment, while the radiated testing method
replaces the conducted cable with an over-the-air (OTA) connection by
antennas [12,13].

The conducted testing offers several advantages, including precise
control over test conditions, ease of setup and repeatability, and the
ability to test a wide range of frequencies. Conducted testing is not af-
fected by environmental factors such as reflections and multipath inter-
ference. However, conducted testing has some limitations. Conducted
testing requires physical connections between the test equipment and
the device under test, which can be inconvenient and time-consuming
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for complex systems. Besides, the conducted testing would be not
feasible for future radios that will not be equipped with accessible
antenna connectors due to integrated system design. The radiated test-
ing involves measuring the radiated performance of a wireless device
in an anechoic chamber or a reverberation chamber to verify com-
pliance with industry standards and regulations. The radiated testing
can provide a more comprehensive evaluation of the wireless device’s
performance, e.g. radiated power, antenna gain, radiation pattern, and
polarization, as well as its sensitivity. However, radiated testing has
several disadvantages, including (1) the high cost of setting up and
maintaining an anechoic chamber, and (2) the difficulty of controlling
test conditions precisely. Radiated testing is also typically less repeat-
able than conducted testing. The radiated conformance testing is seen
as essential for future frequency range 1 (FR1, sub-6 GHz) and fre-
quency range 2 (FR2, millimeter-wave) massive MIMO BS systems [14].
Note that 5G massive MIMO BS has huge number of transceiver units
that transmit/receive parallel independent modulated symbol streams
in multiplexing mode or the same signals in beamforming mode. To test
the individual transceiver performance, the conducted testing is still
the prevalent solution in practice since physical antenna ports are still
accessible for current 5G BSs [15,16]. On the other hand, access to each
individual port on the massive MIMO BS using OTA radiated testing
solution is still an open question in the community [17–19]. However,
the setup complexity of conducted testing has increased significantly
due to the higher number of antennas employed in 5G massive MIMO
BS, as explained later. Besides, the conducted conformance testing can
be time-consuming with the increased number of test interfaces.

Fig. 1 aims to introduce the background on conducted conformance
testing of massive MIMO BS. Fig. 1(a) shows the general architecture
of 5G BS type 1-H defined in [10], which has the conducted inter-
face between the transceiver unit array and the composite antenna.
The conducted testing for each transceiver unit of BS is shown in
Fig. 1(b). The measurement equipment is connected to the conducted
interface for the BS testing. The conducted conformance testing of 5G
BS characterizes transmitter, receiver, and demodulation performance
tests in a conducted manner. The conducted transmitter test covers
the measurements of transmit power, output power dynamics, transmit
on/off power, transmitted signal quality (e.g. frequency error, error
vector magnitude, and time alignment error), unwanted emissions,
and intermodulation [20]. In the conducted receiver test, reference
sensitivity level, dynamic range, adjacent channel selectivity, block-
ing, spurious emission, in-channel selectivity, and intermodulation are
measured [21]. The demodulation performance test is to measure the
ability of 5G BS to correctly demodulate signals in various conditions
and configurations [22].

For the conducted testing of massive MIMO BS, a large number of
conducted interfaces are connected to the measurement equipment and
tested one at a time, or tested simultaneously in groups depending on
the number of measurement equipment ports [20–22]. However, the
number of port interfaces is generally very limited for the measurement
equipment (e.g. 2 or 4 ports). Therefore, a switch matrix is introduced
between BS and measurement equipment to facilitate the massive
conducted testing of massive MIMO BS with a great many conducted
interfaces [23,24], as shown in Fig. 2(a) where the BS in transmit mode
is discussed. Routing the signal from input ports to output ports [25],
the switch matrix with 𝑃 input ports and 𝑄 output ports is connected
o 𝑃 output ports of BS under test and 𝑄 input ports of measurement
quipment, respectively. In the actual test system, 𝑃 is the number of
ransmitter units that transmit parallel independent modulated symbol
treams in multiplexing mode or the same signals in beamforming mode
e.g. 𝑃 = 64), while 𝑄 is the limited number of measurement equipment
ort (e.g. 𝑄 = 4), i.e. 𝑃 is much larger than 𝑄. By switching the
onnection in the switch matrix, each conducted interface of BS under
est can be tested by the measurement equipment. Since the switch
atrix containing RF components (e.g. power amplifier, attenuator,
2

witch, cables, etc.) introduces the extra undesired RF response to the
Fig. 1. 5G BS type 1-H that operates at FR1 with a requirement set consisting of both
conducted and OTA requirements [10]. (a) conducted reference points; (b) test ports.

Fig. 2. Conducted conformance testing of massive MIMO BS. (a) test system; (b)
conventional setup of system calibration.

test system, the effect of switch matrix must be compensated for the BS
test system calibration.

The BS test system is conventionally calibrated by measuring the
frequency response of the switch matrix using a costly vector net-
work analyzer (VNA) [26]. However, the conventional VNA scheme
requires a two-port connection for the frequency response measurement
(e.g. insertion loss), i.e. each pair of input and output ports of the
switch matrix must be set free for the VNA connection [27–30], as
shown in Fig. 2(b). To perform the test system calibration, both the BS
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and the measurement equipment are first disconnected from the test
system in Fig. 2(a). The VNA is then utilized to record the frequency
response between each RF input to output chain of the switch matrix in
a sequential way in Fig. 2(b). Once all RF responses have been recorded,
the switch matrix is connected back to the test system of Fig. 2(a). For
5G massive MIMO BS with huge number of antenna test ports, this
means that massive port connection and disconnection of the switch
matrix are required in a sequential way with a VNA, which is slow,
costly, inconvenient, and error-prone [31–37]. In the industry, multi-
port VNAs are introduced to improve the measurement speed [38,39].
However, the cost and complexity are significantly high. Therefore,
a reduction in cost, time, and complexity while maintaining high
performance and accuracy becomes essential for growing multi-port
and wideband test demands.

To tackle these drawbacks of conventional VNA scheme, this paper
proposes an alternative single-port measurement scheme of actual 5G
BS test system calibration for the test industry. The single-port scheme
is defined in this paper to calibrate the switch matrix with no need to
touch the connection between the switch matrix and the measurement
equipment in the original BS test system, i.e. only input ports of the
switch matrix are set free for the proposed single-port measurement
scheme. The proposed single-port scheme in this paper can accomplish
the equivalent measurement as the conventional scheme for 5G massive
BS test system calibration in terms of dynamic range, phase support as
well as frequency resolution, and further overcome the drawbacks of
the conventional scheme for the test industry. A key setup difference
between them is that the proposed single-port scheme combines the
existing measurement equipment in the original test system with the
proposed single-port unit, while the conventional scheme adopts an
extra expensive network analyzer.

In addition, the proposed single-port measurement scheme is dif-
ferent from the calibration schemes of the measurement setup for
in-circuit impedance measurement. In the field of impedance mea-
surements, the inductive coupling approach is an attractive method
to extract the in-circuit impedance of an electrical system under test
(SUT) [40]. The measurement setups of this approach can be classified
into three categories: single-probe setup (SPS) [41], two-probe setup
(TPS) [42], and multi-probe setup (MPS) [43]. In each setup, the
impedance of SUT can be finally obtained by a calculated expres-
sion with some unknown coefficients. Therefore, calibration schemes
in [41–43] are required to determine the unknown coefficients. To
conduct the calibration, the measurement setup needs to be terminated
by calibration components with distinct known impedances, e.g. open,
short, and 50 Ω resistive load. However, the objective of this paper
is to address the test system calibration for 5G massive MIMO BS
conformance testing. For the system calibration, the frequency response
of the switch matrix in the BS test system is measured by the proposed
single-port measurement scheme.

The rest of this paper is organized as follows. In Section 2, the
proposed single-port measurement scheme is described for the test
system calibration of massive MIMO BS working in transmit mode. To
verify the effectiveness of the proposed single-port scheme, experiments
are conducted in Section 3. Conclusion and future work are given in
Section 4 and Section 5, respectively.

2. Single-port measurement scheme

To calibrate the BS test system, the proposed single-port scheme in
Fig. 3 only needs the BS under test to be disconnected from the test
system, which is different from the conventional measurement scheme
of system calibration in Fig. 2(b). The proposed single-port scheme
comprises three steps to calibrate the BS test system:

1. Unit self-calibration;
2. Switch matrix measurement;
3. Post-processing to obtain the frequency response of the switch

matrix based on steps (1) and (2).
3

Fig. 3. Proposed single-port measurement scheme for the calibration of 5G massive
MIMO BS test system.

The unit self-calibration step is to record the unit output signal
(i.e. the input signal of the switch matrix), while the switch matrix
measurement step is to acquire the output signal of the switch matrix.
The post-processing step is to calculate the difference between the
input and output signals of the switch matrix in the frequency domain
(i.e. frequency response). Both signals in the first two steps are mea-
sured by the measurement equipment in the test system. Specially, the
unit self-calibration step records the unit output signal by a bypassed
path in the switch matrix of the test system. Finally, the single-port
unit array is replaced with the BS under test after the test system is
calibrated with the measured frequency response of the switch matrix
by the proposed single-port scheme. Note that the single-port unit
array in Fig. 3 is a group of 𝑃 single-port units corresponding to
𝑃 BS transmitter units. To further reduce the cost in the proposed
scheme, the single-port unit array can be replaced by employing only
one single-port unit followed by a 𝑃 -way power splitter.

The proposed single-port scheme does not require any alteration to
the connection of the measurement equipment from the original BS test-
ing system. More importantly, the calibration process of test system can
be done with low cost based on the existing measurement equipment
in the original test system, i.e. no need for the extra expensive network
analyzer. Therefore, the superiority of the proposed single-port scheme
is that it accomplishes the equivalent measurement as the conventional
scheme, and further reduces the cost and inconvenience for the test
industry.

For the principle illustration of the proposed scheme, the switch
matrix is denoted as the device under test (DUT) in the following.
Each pair of the input port 𝑝 and the output port 𝑞 of the switch
matrix in Fig. 3 are represented by the input and output ports of DUT,
respectively. The goal is to measure the frequency response of DUT for
the calibration.

2.1. Scalar measurement

For the scenario where it is sufficient for the BS testing to calibrate
the amplitude of frequency response (e.g. BS output power measure-
ment [9]), a single-port scalar scheme is proposed for the amplitude
response measurement. The measurement configuration is illustrated
in Fig. 4. The single-port unit is a comb generator [44] or a noise
generator [45].

The comb generator uses the step recovery diode or non linear
transmission line to produce the multiple harmonics of an input signal
in the frequency domain. Basically, the input signal is a single-tone
signal generated by an oscillator. In this case, the spectrum frequency
resolution is the single-tone signal frequency. Note that if the input
is a multi-tone signal (e.g. the modulated signal), the comb generator
outputs the multiple harmonics of each tone of the input multi-tone
signal. However, in this case, the output power spectrum is unable to
appear as a uniform comb distribution since the carrier frequency is
much large than the signal bandwidth in the modulated signal. The
noise generator is a circuit based on hot resistors or temperature-limited
diodes or a Zener diode to produce a random signal waveform in the
time domain, which covers a continuous and broad frequency band in

the frequency domain.
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Fig. 4. Principle illustration of the proposed single-port scalar measurement based on
spectrum analyzer.

Fig. 5. Principle illustration of the proposed single-port vector measurement based on
a digital oscilloscope.

The measurement equipment is a spectrum analyzer to record the
signal power spectrum. In the first unit self-calibration step, the power
spectrum recorded without DUT is |𝑆1| in dBm. The power spectrum
𝑆2| in dBm is recorded with DUT in the second step. In the first
tep, the comb/noise generator directly outputs a signal with complex
pectrum 𝑆g = |𝑆g|𝑒

∠𝑆g to the measurement equipment. In this way, the
ower spectrum |𝑆g| in dBm of the generator output signal is directly
ecorded by the measurement equipment. Due to the recorded power
pectrum |𝑆1| by the measurement equipment in the first step, we have

𝑆1| = |𝑆g|. (1)

In the second step, the generator outputs the same signal with the
ower spectrum |𝑆g| to the DUT input, while the output signal power
pectrum |𝑆2| of DUT is recorded by the measurement equipment. In
his setup, the amplitude response |𝑆21| of DUT is defined in logarithmic

form as |𝑆21| = |𝑆2| − |𝑆g|. Then we have

𝑆2| = |𝑆g| + |𝑆21|. (2)

In the third step of the proposed scheme, the amplitude response
|𝑆21,1p| in dB of DUT can be obtained by calculating the power spectrum
difference between |𝑆2| and |𝑆1|.

|𝑆21,1p| = |𝑆2| − |𝑆1| = |𝑆21|, (3)

where the DUT amplitude response |𝑆21| can be also directly obtained
by the conventional VNA scheme.

2.2. Vector measurement

For the BS testing scenario where the complex frequency response
calibration is required (e.g. transmitted signal quality measurement [9])
a single-port vector scheme is proposed for the complex frequency
response measurement (i.e. both amplitude and phase). However, the
phase measurement is not available for the noise generator unit since
the phase of a noise signal is random. Therefore, a comb generator
producing a periodic signal with deterministic phase is used as the
single-port unit for the vector measurement. The measurement config-
4

uration is illustrated in Fig. 5. Note that the power and phase spectra
of signals are recorded by a digital oscilloscope in this part, as detailed
later. In principle, a signal analyzer that supports phase measurements
can be also adopted. Both the spectrum/signal analyzer and the digital
oscilloscope are the original measurement equipments in the BS test
system. Therefore, the proposed single-port scheme requires no any
extra measurement equipments.

In the proposed scheme, the first step is to acquire the signal
samples without DUT by a digital oscilloscope. The second step is
to simultaneously acquire the signal samples with DUT. The periodic
time-domain signal sequences acquired by the oscilloscope without and
without DUT are 𝒙 = {𝑥𝑛} ∈ R𝑁×1 and 𝒚 = {𝑦𝑛} ∈ R𝑁×1 (𝑛 ∈ [1, 𝑁]),
respectively. 𝑁 is the number of samples (i.e. record length). The
harmonic components (including frequency, amplitude and phase) of
two periodic sequences are analyzed by the discrete Fourier transform
(DFT) [46]. The complex DFT coefficient sequences are 𝑿 = {𝑋𝑘} ∈
R𝑁×1 and 𝒀 = {𝑌𝑘} ∈ R𝑁×1 (𝑘 ∈ [1, 𝑁]) for the sampled signal
sequences 𝒙 and 𝒚, respectively.

𝑋𝑘 =
𝑁
∑

𝑛=1
𝑥𝑛 ⋅ 𝑒

−𝑗(2𝜋∕𝑁)(𝑘−1)(𝑛−1), (4)

𝑌𝑘 =
𝑁
∑

𝑛=1
𝑦𝑛 ⋅ 𝑒

−𝑗(2𝜋∕𝑁)(𝑘−1)(𝑛−1). (5)

The corresponding frequency sequence is 𝒇 = {𝑓𝑘 = (𝑘− 1)𝐹s∕𝑁} ∈
R𝑁×1, where 𝐹s is the sampling frequency. According to Nyquist sam-
pling theorem, we have

𝑓max <
𝐹s
2
, (6)

where 𝑓max is the highest frequency component (not reachable) that
can be accurately represented by 𝐹s. Hence, the actual harmonic com-
onents that can be obtained is 𝒇 ′ = {𝑓𝑘′ = (𝑘′ − 1)𝐹s∕𝑁} ∈ R(𝑁∕2)×1,

with corresponding DFT coefficient sequence 𝑿′ = {𝑋𝑘′} ∈ R(𝑁∕2)×1

and 𝒀 ′ = {𝑌𝑘′} ∈ R(𝑁∕2)×1 (𝑘′ ∈ [1, 𝑁∕2]). Taking the time-domain
signal 𝒙 for example, 𝑘′ = 1 and 1 < 𝑘′ ≤ 𝑁∕2 stand for the direct
current (DC) component and the alternating current (AC) component of
signal 𝒙, respectively. According to DFT theory [46], the DC component
amplitude 𝑎 and the AC component amplitude 𝑏 (unit volt) are

𝑎 =
|𝑋𝑘′ |

𝑁
(𝑘′ = 1), (7)

𝑏 =
2|𝑋𝑘′ |

𝑁
(1 < 𝑘′ ≤ 𝑁

2
). (8)

Under the standard impedance of 50 Ω, the DC component power 𝐴
nd the AC component power 𝐵 (unit watt) are

= 𝑎2

50
, (9)

𝐵 =
( 𝑏
√

2
)2

50
= 𝑏2

100
. (10)

Then we have,

10 log10 𝐴 = 20 log10 𝑎 − 10 log10 50 (dBW)

= 20 log10 𝑎 − 10 log10 50 + 30 (dBm)

= 20 log10 𝑎 + 13 (dBm),

(11)

0 log10 𝐵 = 20 log10 𝑏 − 10 log10 100 (dBW)

= 20 log10 𝑏 − 20 + 30 (dBm)

= 20 log10 𝑏 + 10 (dBm).

(12)

Combining (7)∼(12), the power spectrum |𝑆1| (in dBm) of the actual
armonic components for signal 𝒙 is recovered as

𝑆1| =

{

20 log10 (
|𝑋𝑘′ |

𝑁 ) + 13 when 𝑘′ = 1
20 log10 (

2|𝑋𝑘′ |

𝑁 ) + 10 when 1 < 𝑘′ ≤ 𝑁
2 .

(13)
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The phase spectrum ∠𝑆1 of the actual harmonic components for
signal 𝒙 is recovered as

∠𝑆1 = ∠𝑋𝑘′ , 𝑘
′ ∈ [1, 𝑁

2
]. (14)

Similarly, for 𝒚, we have

|𝑆2| =

{

20 log10 (
|𝑌𝑘′ |
𝑁 ) + 13 when 𝑘′ = 1

20 log10 (
2|𝑌𝑘′ |
𝑁 ) + 10 when 1 < 𝑘′ ≤ 𝑁

2 ,
(15)

∠𝑆2 = ∠𝑌𝑘′ , 𝑘′ ∈ [1, 𝑁
2
], (16)

where | ⋅ | and ∠{⋅} denote amplitude and phase of a complex number,
espectively.

Based on the power spectra |𝑆1| and |𝑆2| obtained by (13) and (15),
espectively, the obtained DUT amplitude response |𝑆21,1p| is given in
3). As explained, both power spectrum and phase spectrum of the
ignal can be recorded by the measurement equipment (i.e. digital
scilloscope). In the first unit self-calibration step, the phase spectrum
ecorded without DUT is ∠𝑆1. The phase spectrum ∠𝑆2 is recorded with
UT in the second step. In the first step, the comb generator directly
utputs a signal with complex spectrum 𝑆g = |𝑆g|𝑒

∠𝑆g to the measure-
ent equipment. In this way, the phase spectrum ∠𝑆g of the generator

utput signal is directly recorded by the measurement equipment. Due
o the recorded phase spectrum ∠𝑆1 by the measurement equipment in
he first step, we have

𝑆1 = ∠𝑆g. (17)

In the second step, the generator outputs the same signal with the
hase spectrum ∠𝑆g to the DUT input, while the output signal phase
pectrum ∠𝑆2 of DUT is recorded by the measurement equipment.
n this setup, the phase response ∠𝑆21 of DUT is defined as ∠𝑆21 =
𝑆2 − ∠𝑆g. Then we have

𝑆2 = ∠𝑆g + ∠𝑆21. (18)

In the third step of the proposed scheme, the phase response ∠𝑆21,1p
f DUT can be obtained by calculating the phase spectrum difference
etween ∠𝑆2 and ∠𝑆1.

𝑆21,1p = ∠𝑆2 − ∠𝑆1 = ∠𝑆21, (19)

here the DUT phase response ∠𝑆21 can be also directly obtained by
he conventional VNA scheme.

.3. Discussions

Besides the basic principle of the proposed scheme above, some
ssues are discussed below.

.3.1. Noise floor issue
In the conventional scheme, the noise floor is decreased by reducing

he intermediate frequency (IF) bandwidth setting in the network ana-
yzer. The noise floor in the network analyzer can be very low, which
s also why the network analyzer scheme is costly. In the proposed
ingle-port measurement based on a spectrum analyzer, the noise floor
s decreased by reducing the resolution bandwidth (RBW) and video
andwidth (VBW) setting in the spectrum analyzer. Additionally, a
ost-processing approach to extend the noise floor is adopted in the
roposed scheme [47]. As shown in Fig. 6, two spectrum acquisitions
re conducted for each step. In the first acquisition, the single-port unit
s turned off (i.e. noise only), the measured power spectrum is |𝑆1,n|

n dBm for the first step, and |𝑆2,n| for the second step. In the second
cquisition, the single-port unit is turned on (i.e. signal plus noise), the
easured power spectrum is |𝑆1,sn| in dBm for the first step, and |𝑆2,sn|
5

or the second step. The final power spectrum |𝑆1| or |𝑆2| in dBm for
Fig. 6. Noise floor extension strategy based on a spectrum analyzer in the proposed
scheme.

each step with the noise floor extended is obtained by the subtraction
of these two spectrum acquisitions in linear values, i.e.

|𝑆1| = 10 log10 |10|𝑆1,sn|∕10 − 10|𝑆1,n|∕10
|, (20)

𝑆2| = 10 log10 |10|𝑆2,sn|∕10 − 10|𝑆2,n|∕10
|. (21)

In the proposed scheme based on a digital oscilloscope, this subtrac-
ion strategy cannot be directly applied. Instead, an averaging strategy
f multiple acquisitions is employed to reduce the random noise floor.

.3.2. Frequency resolution issue
The frequency resolution in the conventional scheme is set by the

requency band and the number of frequency points in the network
nalyzer. In the proposed scheme, the original frequency resolution
epends on the single-port unit. When the unit is a noise generator
i.e. for the scalar measurement), the frequency resolution is dependent
ith the frequency span and the sweep points setting in the spectrum
nalyzer, which is similar to the conventional scheme. For the comb
enerator unit with a limited frequency resolution (i.e. for both scalar
nd vector measurements), a frequency interpolation strategy can be
dopted to increase the frequency resolution (e.g. signal interpolation
lgorithms [48–50]). The frequency interpolation is to construct more
requency points based on the generated harmonic frequencies of the
omb generator in the frequency domain. The constructed response on
ew frequency points might be inaccurate when the original frequency
esolution is too low (i.e. frequency interval is too large) for the
ractical measurement requirement. However, this issue can be ignored
n our work, as discussed in the measurement results later.

. Experimental validation

In this section, the basic principle of the proposed single-port
cheme was experimentally validated by measurement results, based
n the principle illustration in Section 2. The proposed scheme aims
o achieve the same frequency response measurement of DUT as the
onventional scheme (i.e. the reference scheme). The accuracy of the
roposed scheme is evaluated by the measured DUT response error
etween the proposed and the conventional schemes. A band-pass filter
ith center frequency of 1 GHz and bandwidth of 20 MHz is taken as

he DUT for example. The measured frequency response error between
he two schemes is investigated in the DUT passband of 20 MHz (band
f interest). The single-port units used in the experiment are two kinds
f comb generators and a home-made noise generator (NG) by Aalborg
niversity. One of comb generators is with an external single-tone

ignal source (CG-1) [51], the other is without the external source while
ith internal oscillators (CG-2) [52]. In the CG-2 unit, three single-tone
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Fig. 7. Measurement setups of proposed and conventional schemes for the amplitude response measurement. (a) Setup A: CG-1; (b) Setup B: CG-2; (c) Setup C: NG; (d) Setup D:
conventional.
Table 1
Measurement settings in Fig. 7.
(a) Signal generator (SG) setting in Setup A

Single-tone frequency Level

10 MHz 20 dBm

(b) SA setting in Setups A and B

Reference level RF attenuation RBW VBW

−20 dBm 30 dB 3 kHz 3 kHz

(c) SA setting in Setup C

Reference level RF attenuation RBW VBW

−20 dBm 30 dB 3 MHz 0.1 kHz

(d) VNA setting in Setup D

Power level IF bandwidth

−5 dBm 1 kHz
frequencies (i.e. 10 MHz, 5 MHz, and 1 MHz) with the same power can
be selected for the internal oscillator. As a result, the CG-2 unit outputs
signal harmonics with the frequency resolution of 10 MHz, 5 MHz, or
1 MHz in the frequency domain.

The instruments employed in the experiment include:

1. A signal generator (Anritsu MG3692B) as the external source of
the CG-1 unit;

2. A spectrum analyzer (R&S FSP13);
3. A digital phosphor oscilloscope (Tektronix TDS7704B);
4. A vector network analyzer (Keysight N5227A).
6

3.1. Amplitude response measurement

In this part, three single-port units (i.e. CG-1, CG-2, and NG) are
demonstrated independently for the amplitude response measurement.
The DUT amplitude response measured by the proposed scheme is
compared with that measured by the conventional scheme. The mea-
surement setups are shown in Fig. 7 that demonstrates how different
the conventional and proposed measurement setups look like. The first
three setups (Setups A, B, and C) are for the proposed scheme, while
Setup D is for the conventional reference scheme where the VNA needs
to be calibrated as well before the DUT response measurement. In
Setups A, B, and C, the second step of the proposed scheme is shown in
the photos. The first step remains the same cables as the second step to
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Fig. 8. Measured power spectrum and DUT amplitude response. (a) power spectrum
|𝑆1| without DUT; (b) power spectrum |𝑆2| with DUT; (c) DUT amplitude response
measured by the two schemes.

achieve the practical unit self-calibration for the proposed scheme. In
the setting of spectrum analyzer (SA) and VNA, the frequency is swept
from 0.75 to 1.25 GHz with 501 frequency points (i.e. the frequency
band of 500 MHz with the frequency resolution of 1 MHz). Other
measurement settings are listed in Table 1.

Fig. 8 aims to demonstrate how the measured results look like for
each step in the proposed scheme and compares finally measured DUT
amplitude response with the conventional scheme. In the proposed
scheme (Setups A, B, and C), the measured power spectra without
and with DUT are shown in Fig. 8(a) and Fig. 8(b), respectively.
Both CG-1 and CG-2 units output harmonics spectrum with the fre-
quency resolution of 10 MHz, while the NG unit outputs the continuous
spectrum over the whole frequency band (i.e. the spectrum with the
frequency resolution of 1 MHz determined by the sweep setting in the
SA), as explained in Section 2.1. Fig. 8(c) shows the DUT amplitude
responses measured by the proposed and the conventional schemes. For
7

Table 2
Passband error range of amplitude response between two schemes and
dynamic range of proposed scheme.

Single-port unit Passband error range (dB) Dynamic range (dB)

CG-1 [−0.97, 0.63] 49
CG-2 [−0.25, 0.02] 52
NG [−0.18, 0.17] 37

Fig. 9. Amplitude response measured by the CG-2 unit with three frequency resolution
settings (i.e. 10 MHz, 5 MHz, and 1 MHz).

each single-port unit, the passband error is defined as the difference
of measured amplitude response in the passband between the two
schemes. The dynamic range is the difference between the maximum
and minimum (i.e. noise floor) of measured amplitude response over
the whole band for each scheme. For comparison, the passband error
range between the two schemes is investigated on the basis of the
common frequency samples.

The passband error range and the dynamic range of the proposed
scheme are listed in Table 2 for the amplitude response measurement.
In the proposed scheme, the similar error range is obtained by the CG-2
and NG units, while smaller dynamic range by the NG unit. The CG-
1 and CG-2 units present the similar dynamic range, while the CG-2
unit has smaller error range. The two comb generator units show a
good dynamic range of about 50 dB, though the conventional VNA
scheme has a dynamic range of 90 dB with a small IF bandwidth setting
of 1 kHz. It can be noted from Fig. 8 that the basic pattern of DUT
amplitude response has already been reflected by the power spectrum
|𝑆2| regardless of the noise floor area (i.e. the DUT stopband), which is
ue to the fact that the power spectrum |𝑆1| is approximate to be flat
ver the generated frequencies.

In addition, the effect of frequency resolution on the passband error
nd dynamic range is shown in Fig. 9 for the CG-2 unit. The frequency
esolution has little influence on the passband error. In the CG-2 unit,
he total power of output harmonics depends on the internal oscillator
utput signal power, which is unchanged for different frequencies.
ince the CG-2 unit generates more harmonics with the increased
requency resolution (e.g. 1 MHz), the power of each harmonic is
educed. Therefore, the dynamic range decreases under the condition
f the same noise floor, as expected in Fig. 9.

.1.1. Noise floor extension
The measured DUT amplitude response without and with the noise

loor extension are shown in Fig. 10 for three single-port units in the
roposed scheme. The noise floor is slightly suppressed for the comb
enerator units (about 5 dB), while the suppression effect is significant
for the NG unit (about 17 dB).
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Fig. 10. Impact of noise floor extension (NFE) on the measured amplitude response
in the single-port scheme. (a) Setup A: CG-1; (b) Setup B: CG-2; (c) Setup C: NG.

Table 3
Passband error range between two schemes for comb generator units
without and with frequency interpolation.

Unit Passband error (dB)

Without interpolation With interpolation

CG-1 [−0.97, 0.63] [−0.97, 0.63]
CG-2 [−0.25, 0.02] [−0.25, 0.10]

3.1.2. Frequency interpolation
Based on the measured DUT amplitude response in Fig. 8 where

the CG-1 and CG-2 units generate signal harmonics spectrum with
the frequency resolution of 10 MHz, the frequency interpolation of 10
imes is conducted for the both comb generator units, i.e. generating
he spectrum with the frequency resolution of 1 MHz. The goal is to
chieve the response measurements on the same frequency samples
8

c

Fig. 11. Stability study of comb generator units with output power recorded every
minute for a duration of 24 h. (a) CG-1 unit; (b) CG-2 unit.

s in the conventional setups (i.e. frequency resolution of 1 MHz in
ur measurement). The passband error range without and with the
requency interpolation is listed in Table 3. The error range is similar
efore and after the frequency interpolation. Hence, the frequency
nterpolation has no degrading effect on the measurement performance.

.1.3. Unit stability study
To study the stability of single-port units, the output power of units

s directly monitored by spectrum analyzer. Taking for example the CG-
and CG-2 units with the frequency resolution of 10 MHz, the unit

utput power is recorded every minute with a duration of 24 h, as
hown in Fig. 11. The output power recorded at three frequency points
s stable within a fluctuation range of 0.2 dB for both units. Note that
he output power of CG-2 unit is suddenly off at around 23.5 h after
onitoring is started since the internal batteries in the CG-2 unit are
ead at that time.

.2. Complex response measurement

In this part, the CG-2 unit is demonstrated for example. The mea-
ured DUT complex response error between the two schemes are in-
estigated over the frequency band with the frequency resolution of
0 MHz. The measurement setup of DUT complex frequency response
s shown in Fig. 12. A 2-way equal-split power divider follows the
omb generator to create two channels for the two-step measurement
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Fig. 12. Measurement setup of complex response measurement for the proposed
single-port vector scheme. The CG-2 unit is shown in the photo for example.

Table 4
Measurement setting of oscilloscope in Fig. 12.

Sampling
frequency 𝐹s

Record length 𝑁 Number of acquisitions for
averaging (noise reducing)

10 GHz 20000 10000

Fig. 13. Phase response of connector in the measurement setup of Fig. 12.

in the proposed scheme. Each channel has the same cables, except the
connector and DUT. The digital storage oscilloscope (DSO) is to record
the time-domain signal waveform of each channel. The oscilloscope
setting is listed in Table 4. The sampling duration is 2 us with 20
signal periods. The noise floor can be reduced by averaging multiple
acquisitions in the oscilloscope. Since the phase is sensitive to path
length, the phase response of connector in the measurement setup of
Fig. 12 needs to be compensated out to obtain the accurate DUT phase
response in the following, as shown in Fig. 13.

The sampled time-domain signal waveforms 𝒙 without DUT and 𝒚
with DUT are shown in Fig. 14 for the CG-2 unit. Both measured time-
domain signal waveforms are periodic as expected. In the proposed
scheme, the calculated signal power spectra |𝑆1| without DUT and
|𝑆2| with DUT based on the measured signals 𝒙 and 𝒚 are shown in
Fig. 15(a) and Fig. 15(b), respectively. The DUT amplitude responses
measured by the proposed and the conventional schemes are compared
in Fig. 15(c). The amplitude response error range between the two
schemes is [−0.45, 0.14] dB in the DUT passband (i.e. band of interest).
The proposed scheme can reach a good dynamic range of 70 dB, while a
dynamic range of 90 dB is presented in the conventional scheme under
the IF bandwidth setting of 1 kHz. Figs. 16(a) and 16(b) show the cal-
culated signal phase spectra ∠𝑆1 without DUT and ∠𝑆2 with DUT based
on the measured signals 𝒙 and 𝒚, respectively. The measured DUT phase
responses using the two schemes are compared in Fig. 16(c). The phase
response error range between the two schemes in the band of interest
is [−0.2◦, 2.5◦]. Note that the phase spectrum ∠𝑆2 of Fig. 16(b) makes
no sense in the frequency band where the amplitude spectrum |𝑆2| of
Fig. 15(b) is close to the noise floor (i.e. the DUT stopband). Therefore,
the measured phase response in the DUT stopband of Fig. 16(c) has
no meaning as well in the proposed scheme, which is the same as the
9

Fig. 14. Time-domain signals sampled by the oscilloscope for the CG-2 unit. (a) signal
𝒙 without DUT; (b) signal 𝒚 with DUT.

conventional scheme. Moreover, both amplitude and phase response
errors between the two schemes increase with the harmonics power
decreasing in the frequency band between passband and stopband, as
expected.

4. Conclusion

This paper defined a promising single-port measurement scheme
that is an alternative approach to system calibration for 5G massive
MIMO BS conformance testing. The proposed single-port scheme in this
paper has features that accomplished the equivalent measurement as
the conventional reference VNA scheme, and further had some other
advantages in the following aspects. In terms of the scheme accuracy,
the error range of amplitude response and phase response between
the two schemes are [−0.45, 0.14] dB and [−0.2◦, 2.5◦], respectively.
Besides, the proposed measurement scheme is more cost-effective than
the conventional one (e.g. 0.05% of the conventional scheme cost).
In addition, no disconnection (convenient for operation) and required
disconnection of measurement equipment from the test system is con-
ducted in the proposed and conventional schemes, respectively. More
importantly, for wideband frequency response measurement, the pro-
posed scheme generates multiple frequency components at a time using
a comb or noise generator, which is faster than the frequency sweeping
in conventional VNA scheme.

The proposed single-port scheme can be directly applied to the
calibration measurement of actual 5G massive MIMO BS test system,
which is of significant importance for the 5G massive MIMO BS test
and applications in the industry. Note that the work in this paper is
funded by a leading telecommunication industry. The complexity and
cost with the conventional two-port measurement using a VNA is now
a major problem for 5G BS conformance testing. Our proposed single-
port scheme and the validation results are now well accepted by the
industry.

The reduced cost and complexity by the proposed measurement
scheme is important for the academic scientific world since it can
help researchers complete tests more efficiently, allowing them to
conduct more experiments and accelerate their research. This can lead
to faster progress in developing new technologies, identifying new
phenomena, and understanding existing systems. Besides, simplifying
test procedures can make it easier for other researchers to replicate
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Fig. 15. Measured power spectrum and DUT amplitude response for the CG-2 unit.
(a) power spectrum |𝑆1| without DUT; (b) power spectrum |𝑆2| with DUT; (c) DUT
amplitude response measured by two schemes.

the experiment, which is essential for verifying research results. This
can increase the reliability and reproducibility of research findings,
improving the overall quality of academic research.

5. Future work

There are some extensions or improvements of the proposed scheme
in the future. The accuracy, dynamic range, and frequency resolution
achieved by the proposed scheme might be still limited for the mea-
surement with strict performance requirement in high accuracy, high
dynamic range, and high frequency resolution. The main factors that af-
fect the measurement performance lie in the performance of the single-
port unit (output signal spectrum) in the proposed test system and the
measurement equipment (noise floor) in the original test system. As for
frequency resolution improvement, a high performance single-port unit
with smaller oscillator frequency or with modulation features needs to
be designed in future works. Besides, the measurement speed can be
10
Fig. 16. Measured phase spectrum and DUT phase response for the CG-2 unit. (a)
phase spectrum ∠𝑆1 without DUT; (b) phase spectrum ∠𝑆2 with DUT; (c) DUT phase
response measured by two schemes.

further improved by high performance power dividers following the
single-port unit (i.e. comb or noise generator) so that multiple branches
can be measured simultaneously.

The proposed measurement scheme in this work, with its reduced
cost and complexity, has several potential applications in the fields of
wireless communications, radar systems, and other areas that involve
high-efficient and cost-effective measurements. By improving the ac-
curacy, dynamic range, and frequency resolution of the measurement
scheme, future research can benefit from more precise and reliable
data, which can lead to the development of better performing and
more efficient wireless systems. Additionally, the development of high
performance devices and instruments can lead to advancements in
other scientific and engineering fields, such as astronomy and medical
imaging. Overall, the importance of this work lies in its potential
to improve measurement accuracy and efficiency, which can have
a significant impact on a wide range of scientific and engineering
applications.
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