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Simultaneous Wideband Calibration for Digital
Beamforming Array at Short Distance

Yilin Ji, Jesper Ødum Nielsen, and Wei Fan

Abstract—Massive multiple-input multiple-output (MIMO) is
seen as an essential feature for the fifth-generation (5G) com-
munication systems. To ensure the array performance for beam-
forming or nulling, it is important to conduct array calibration
beforehand. Since 5G massive MIMO base stations (BSs) are
expected to be highly integrated, i.e. the antenna arrays are
directly integrated with the transceiver front ends, there may be
no antenna connectors reserved for calibration purpose. In this
case, array calibration will be done fully over-the-air (OTA). In
this work, we propose a fast and short-distance OTA calibration
method for massive MIMO BSs based on digital beamforming
structures. Specifically, the correlation-based sounding technique
is utilized for simultaneous measurements, and phase deviation
due to the spherical wavefront at short distance is corrected with
the known propagation geometry. Moreover, a multipath cancel-
lation scheme is adopted to improve the calibration accuracy. An
experiment is conducted in an open laboratory environment to
assess the validity and robustness of the proposed calibration
method.

Index Terms—Array calibration, correlation-based channel
sounding, massive MIMO, and multipath cancellation.

I. INTRODUCTION

A. Background

Massive multiple-input multiple-output (MIMO) is seen

as an enabling technology for fifth-generation (5G) commu-

nication systems [1]. Future base stations (BSs) featuring

massive MIMO technology are expected to be equipped with a

large number of antennas with digital beamforming structures,

where signals of all channels are independently accessible. The

array radiation pattern can be controlled via setting proper

complex weights to the antenna elements to, e.g. form a

beam in a desired direction to overcome the unfavourable

propagation loss, or to form a null in an interference signal

direction to suppress unwanted signals [2]. In addition, spatial

multiplexing can also be utilized to serve multiple users

simultaneously over the same time and frequency resource

with various precoding schemes, which enlarges the network

capacity.

The use of beamforming and nulling relies on accurate

control of the signal radiated from each antenna element [3].

However, the responses of radio chains of real BS products

vary due to manufacturing or assembling uncertainty. There-

fore, it is necessary to calibrate the massive MIMO BSs to

align the amplitude and phase across different radio chains.

The authors are with Antennas, Propagation and Millimeter-wave Systems
(APMS) section at Department of Electronic Systems, Aalborg University,
Aalborg, Denmark, 9220. Email: {yilin, jni, wfa}@es.aau.dk. (Corresponding
author: Wei Fan)

This is mandatory in production testing before product roll-

out to ensure that the performance of the systems can meet

the expectation.
5G massive MIMO BSs are expected to be highly integrated

[4], e.g. the antenna arrays are directly integrated with the

transceiver front ends. Therefore, there may be no antenna

connectors reserved for calibration purpose, and the radio

chains and the antenna arrays need to be calibrated as a whole

over-the-air (OTA) due to the lack of antenna connectors [5],

[6].

B. Problem statement

The objective of the calibration is to obtain the relative far-

field array response. Traditionally, the measurement is done

in the far field of the test array. Relative array responses are

measured with continuous wave (CW) signals for each antenna

element sequentially, i.e. one antenna element in the array at

a time. However, when it comes to calibration for massive

MIMO systems, several challenges may arise.
Firstly, due to a large number of antenna elements in

the array, it will take a huge amount of time to calibrate

sequentially. Therefore, it is preferable to calibrate all antenna

elements simultaneously to save time.
Secondly, when the array aperture becomes large, the corre-

sponding minimum far-field distance (i.e. the Fraunhofer dis-

tance) grows significantly. Considering that array calibration

is usually conducted in anechoic chambers, a large minimum

far-field distance leads to a large chamber, which can be

very expensive. On the other hand, when the probe antenna

is placed too far away from the test array, the link budget

might not be big enough to ensure a reliable calibration

result. Therefore, calibration in the near field of test arrays

is preferable, but somehow the far-field responses should be

obtained.
Thirdly, even if the calibration is conducted in an anechoic

chamber, non-negligible reflections in the test environment

might still exist. In other words, the quiet zone in the cham-

ber is not sufficiently anechoic. Therefore, some effective

multipath cancellation is needed in the case where the test

environment is not sufficiently anechoic.
Fourthly, ultra-wideband signals, e.g. with 400 MHz band-

width, are expected to be used in 5G new radio [7]. A

wideband array calibration method is needed in contrast to

single-tone calibration.
Lastly, when antenna arrays are integrated with transceiver

front ends, which also include baseband units, CW signals can

not be used for calibration anymore. In this case, modulated

signals supported by the baseband unit shall be used instead.
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Overall, there is a strong need for fast, wideband, and

compact array calibration methods for massive MIMO systems

in production testing.

C. State-of-the-art

Many OTA array calibration methods can be found in the

literature. The rotating element electric field vector method

(REV) [8], the mutual coupling method [9], and the phase-

match method [10], calibrate antenna elements sequentially in

the far field, which leads to long measurement time. Simulta-

neous multi-element calibration methods include the control

circuit encoding (CCE) method [11], and the synthetic array

calibration (SAC) method [12], both of which are based on

the matrix inversion principle. However, all these methods are

designed for narrowband array systems with a small number

of antenna elements, and the far-field condition is required.

Near-field methods include the plane wave generator (PWG)

[13], the compact antenna test range (CATR) [14], and the near

field to far field transformation (NF-FF) [15]. The former two

methods generate a plane wave in the quiet zone close to the

probe antennas. The third one needs a number of samples on a

regular grid enclosing the test array, and the required number is

proportional to the array aperture. However, these methods are

sequential calibration methods, and the cost of those setups is

typically high. Moreover, these methods are designed for CW

signals.

D. Contribution

In this paper, the correlation-based sounding technique is

used for parallel wideband array calibration. This technique

is commonly used in the traditional channel sounding area,

and it has been proposed for array calibration in [16], [17]. In

this work, we try to adapt this method for calibrating arrays

integrated with radio chains over-the-air in the same fashion as

required in [4]. Since the responses of all chains can be mea-

sured simultaneously, the calibration time is reduced signifi-

cantly compared to sequential calibration methods. Moreover,

multiple channel snapshots can be measured rapidly with the

proposed setup, and further averaged to achieve a higher signal-

to-noise ratio (SNR), and hence a higher calibration accuracy.

The proposed method utilizes a single probe antenna placed

in the near field of the test array, and phase compensation

according to propagation geometry is performed to account

for the spherical wavefront. In addition, a multipath cancella-

tion step is taken to remove potential reflections in the test

environment. The multipath components are estimated with

the expectation-maximization algorithm [18] which is typically

used for channel estimation, and only the strongest path is

kept for calibration. The proposed calibration framework offers

short calibration time in a compact measurement setup, which

is highly valuable for the industry.

The rest of the paper is organized as follows: In Section II,

we define the signal model for the array calibration problem.

The used method to cope with reflections in test environments,

the effect of calibration in the near field of the test array, and

the sounding principle are also discussed in this section. In

Section III, we introduce the validation experiment. Section IV

Test Array

Radio Chains

Probe

antenna

OTA

( )

( )

Measurements
( )

( )

( )

Integrated

Fig. 1. Block diagram of the proposed array calibration setup.

shows the results obtained from our calibration method. Lastly,

Section V concludes the paper.

II. MASSIVE MIMO ARRAY CALIBRATION

A. Signal model

The block diagram of the proposed array calibration setup

is shown in Fig. 1. The responses of the radio chains, the test

array, the OTA propagation channel, and the probe antenna at

the frequency f are denoted as cRC(f), cAnt(f), a(f), and

g(f), respectively. The total link response is denoted as h(f).
All of those terms are complex-valued M -entry vectors with

M being the number of antenna elements in the test array. For

brevity, we drop the frequency dependency in those responses

hereafter unless noted otherwise.

Let us assume the calibration is done in free space. This

is usually assumed when the calibration is done in anechoic

chambers where reflections are small and negligible. The mth

entry, with m ∈ [1,M ], of the total link response vector h

can be expressed as

hm = cRC
m · cAnt

m (θ +∆θm) · am · g(φ+∆φm), (1)

where cAnt
m (·) and g(·) are the antenna radiation pattern of

the mth test array element and the probe antenna, respectively.

The angle (θ+∆θm) is the incident angle at the mth element,

with θ being the angle at the center of the test array, and ∆θm
the angle offset for the mth element. Similarly, (φ+∆φm) is

the incident angle at the probe antenna from the mth test array

element, with φ being the angle from the test array center, and

∆φm the angle offset for the mth element. Note that the angles

here can be replaced with directions when both azimuth and

elevation are considered. The sketch describing the incident

angles in the respective local coordinate systems is shown in

Fig. 2. The response am can be modelled as

am =
λ

4πdm
· exp

(

−j
2π

λ
dm

)

, (2)

with λ being the wavelength depending on f , and dm being

the distance between the mth test antenna element and the

probe antenna. Note that the probe antenna is usually put in
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Fig. 2. Sketch of the local coordinate systems for the test array and the probe
antenna.

the boresight direction of the test array, i.e. θ = θbore, for

amplitude and phase alignment applications for radio chains.

When the probe antenna is placed in the far field of the

test antenna array, the following approximations can be made:

∆θm = ∆φm = 0 and |am| = |a1| for all m ∈ [1,M ]. In this

case, we define the relative far-field array response h̃ for the

direction θ as

h̃ =
h

hm′

, (3)

with m′ ∈ [1,M ] being the index of the reference antenna

element, and the mth entry of h̃ reads

h̃m =
cRC
m · cAnt

m (θ)

cRC
m′ · cAnt

m′ (θ)
· exp

(

−j
2π

λ
(dm − dm′)

)

. (4)

Note that obtaining the far-field relative array response h̃ in

(3) is the objective of array calibration.

B. Multipath cancellation

When the test environment is not sufficiently anechoic, it

may not be appropriate to assume single-path propagation

anymore. Therefore, the signal model in (1) needs to be

modified for the multipath case as

hΣ

m =

L∑

l=1

hm,l

=

L∑

l=1

{
cRC
m · cAnt

m (θl +∆θm,l) · am,l · g(φl +∆φm,l)
}
,

(5)

where l ∈ [1, L] is the path index, and L is the total number

of paths in the test environment. The definitions for θl, ∆θm,l,

φl, and ∆φm,l remain almost the same as their respective

corresponding terms in (1), except that they are now for the lth

path. The major change happens to the expression of the OTA

propagation response am,l, which is not a simple extension of

am given in (2) due to reflections and diffractions. However,

we can expect that the response am,l corresponding to the line-

of-sight (LoS) path is still ruled by (2). Therefore, if we can

estimate the link response for the LoS path, and use that for

the calibration, i.e. dropping the path index l thereafter, the

multipath problem degenerates to a single-path problem, and

the derivation given in Section II-A can be reused.

In the channel estimation field, there are various algorithms

developed for estimating multipath components [18]–[21].

Multipath components can be decomposed from the fading

channel via those algorithms in different domains, such as the

delay, angle, and Doppler frequency domain. However, since

the test environment is typically static, and the relative far-field

array response, which is our objective, is unknown beforehand,

the decomposition can only be done in the delay domain.

The delay domain is the Fourier transform dual to the

frequency domain. Therefore, wideband measurements are

required to perform multipath cancellation in this case. The

intrinsic delay resolution is inversely proportional to the signal

bandwidth. When the difference of the delay between potential

multipaths and the LoS path is smaller than this resolution,

super-resolution iterative algorithms, such as the expectation-

maximization algorithm [18], are preferred for the estimation.

Nonetheless, if the delay difference is much larger than the

intrinsic resolution, time gating can also be used to remove

multipaths from the measurements.

C. Effect of incident angle offset on antenna radiation pattern

In order to make the calibration setup compact and to

fulfil the link budget, the probe antenna needs to be placed

in the near field of the test antenna array. In this case, the

approximations made in Section II-A, i.e. ∆θm = ∆φm = 0
and |am| = |a1| for all m ∈ [1,M ], do not hold. As a result,

the mth entry of the relative near-field array response ĥ for

the direction θ reads (c.f. (4))

ĥm =

test array
︷ ︸︸ ︷

cRC
m · cAnt

m (θ +∆θm)

cRC
m′ · cAnt

m′ (θ +∆θm′)
·

probe
︷ ︸︸ ︷

g(φ+∆φm)

g(φ+∆φm′)

·
dm′

dm
· exp

(

−j
2π

λ
(dm − dm′)

)

︸ ︷︷ ︸

propagation

, (6)

where m′ is, again, the index of the reference element. One

can see that ĥm converges to h̃m with the increase of dm. Note

that (6) is valid only if the mutual coupling between the test

array elements is negligible. Otherwise, the antenna radiation

pattern cAnt
m (·) shall vary with the distance as well.

Given the distance dm for all m ∈ [1,M ], the term in (6)

corresponding to the propagation can be calculated accord-

ingly, and it can be compensated so as to be equivalent to

that in (4). Moreover, the angle offset ∆φm can be calculated

according to the geometry of the calibration setup. Given the

knowledge of antenna radiation pattern of the probe antenna,

the term in (6) corresponding to the probe antenna pattern can

also be compensated for.

The angle offset ∆θm can also be calculated according

to the geometry of the calibration setup. However, since the

radiation patterns of the test array elements are not known

beforehand, the term corresponding to the test array in (6)

can not be corrected by any means. Therefore, there is still

a deviation between ĥm and h̃m after the probe pattern and
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propagation compensation. The significance of the deviation

depends on ∆θm and cAnt
m for all m ∈ [1,M ]. Intuitively, a

smaller ∆θm (which is equivalent to a larger dm) and a less

variant cAnt
m lead to a smaller deviation. In this work, this

deviation is not treated, and it is inherent in the calibration

results.

D. Channel sounding principle

A massive MIMO BS is expected to have a digital beam-

forming structure, where the data stream of each chain is

independent and accessible. The underlying system structure

is very similar to that of the conventional time-domain channel

sounders [22], which offer parallel measurement capability for

multiple chains. Therefore, it is very straightforward to use

the channel sounding technique for digital beamforming array

calibration. Moreover, due to the nature of direct sequence

spread spectrum techniques, the test array can be calibrated

over the frequency band of interest.

Each chain in the test array is fed with the so-called pseudo-

noise (PN) sequence, the auto-correlation function of which

approximates the Dirac delta function (i.e. the orthogonality).

For the mth chain, the PN sequence at the delay τ ∈ [0, T ]
reads

xm(τ) = x1(τ − (m− 1) ·∆T ), (7)

where T is the total duration of the PN sequence, and ∆T

is the delay duration shifted between adjacent chains. The

orthogonality can be represented as

xm(τ) ⋆ x1(τ) = δ(τ − (m− 1) ·∆T ), (8)

where ⋆ denotes the correlation operator, and δ(·) the delta

function. The received signal y(τ) by the probe antenna can

be written as

y(τ) =

M∑

m=1

xm(τ) ∗Hm(τ) + n(τ), (9)

where ∗ denotes the convolution operator, Hm(τ) is the

Fourier transform pair of hm(f), and n(τ) is the measurement

thermal noise. By correlating y(τ) with x1(τ), we obtain the

composite impulse response H(τ) consisting of the responses

for all M chains

H(τ) = y(τ) ⋆ x1(τ)

=
M∑

m=1

Hm(τ) ∗ δ(τ − (m− 1) ·∆T ) + n′(τ), (10)

where n′(τ) is the thermal noise averaged over time T . The

response for the mth chain Hm(τ) can then be approximated

by chopping H(τ) into M blocks, each of which has the length

∆T

Hm(τ) ≈ H(τ + (m− 1) ·∆T ), (11)

with τ ∈ [0,∆T ]. Note that (M · ∆T ) needs to be smaller

than T , and ∆T needs to be larger than the maximum excess

delay of the channel for all chains.
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Fig. 3. Sketches for (a) measurement series 1, and (b) measurement series 2.

III. MEASUREMENT DESCRIPTION

A. Measurement System

A correlation-based channel sounder is used in the vali-

dation measurement to mimic the massive MIMO BS with

digital beamforming structures [22]. Parallel transmission is

realized with the individual signal generator in each transmitter

chain. The PN sequence has a length of 4095 chips, and

is modulated with binary phase-shift keying (BPSK). The

modulated sequence is transmitted at 100 MHz (i.e. the signal

bandwidth), and the receiver records 60 channel snapshots

per second. The center frequency is set to 3.5 GHz. The

transmitter side (the test array) is equipped with 16 antennas

which forms a uniform linear array (ULA), and the receiver

side has one antenna (the probe antenna). Vivaldi antennas

of the same type are used on both sides. The antenna has

about 45◦ half-power beam width (HPBW) and 11 dB gain.

The inter-element spacing at the test array is 5 cm, which is

slightly larger than the half wavelength (about 4.28 cm) at

3.5 GHz. The Fraunhofer distance of the test array under this

setting is about 13 m. The transmitter and the receiver sides

are synchronized.

B. Measurement Campaign

Two series of measurements are conducted for different

purposes. The sketches for the two series are shown in Fig. 3.

The first measurement series (Fig. 3(a)) is designed to check

the stability and accuracy of the channel sounder in the

amplitude and phase. In this series, the probe antenna is

aligned to the center of the test array, and placed about 1
m away. We insert an external filter into one of the radio
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Fig. 4. Photos for the two measurement series, (a) measurement series 1
(b) measurement series 2. Both series are conducted in an open laboratory
environment.

chains of the test array to measure the frequency response

of the filter. The filter response is estimated by dividing the

link response of the chain with the filter inserted over the link

response without the filter inserted in the frequency domain.

This approach is valid if the reflection that exists in the

radio chain is negligible (impedance matched). During the

measurement, only the chain with the external filter (CH#1)

is turned on to have the least interference from the other

chains. The measurement is repeated several times to obtain

some statistics of the sounder performance. The filter response

is also measured with a vector network analyzer (VNA) to

compare with that measured with the sounder.

In the second measurement series, the external filter is

removed and all 16 chains are turned on (Fig. 3(b)). The probe

antenna is still aligned to the center of the test array but the

distance is shifted from 1 m to 3 m with 25 cm per step, which

leads to in total 9 positions (Pos#1 - Pos#9) for the probe

antenna. At each position, the link response h is measured

with the sounder. Note that all the measurement distances are

smaller than the underlying Fraunhofer distance of the test

array.

All measurements are conducted with a duration of 20
seconds, which leads to 1200 channel snapshots for each

measurement. The resulting link responses are averaged over

all those snapshots to achieve a higher SNR. Besides, all mea-

surements are conducted in an open laboratory environment,

where multipaths are expected to exist. Photos for the two
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Fig. 5. The measured filter response from the first measurement series over
the frequency band of interest, i.e. 100 MHz centered at 3.5 GHz.

TABLE I
RMSE OF THE SOUNDER MEASUREMENTS TO THE VNA MEASUREMENT

Rep# 1 2 3 4 5 6

Amplitude [dB] 0.13 0.16 0.20 0.15 0.13 0.15

Phase [deg] 2.57 2.77 2.95 1.95 2.09 2.11

measurement setups are shown in Fig. 4.

IV. MEASUREMENT RESULTS AND ANALYSIS

A. Measurement Series 1

The filter response obtained from the first series is shown in

Fig. 5 in terms of the amplitude and phase. In total, the sounder

measurement is repeated 6 times (Rep#1 - Rep#6). Note

that we also flex the coaxial cable deliberately between the

repetitions to include the cable effect on result stability. The

maximum deviation over the considered frequency band for all

the sounder measurements to the reference VNA measurement

is 0.45 dB in amplitude and 5.95◦ in phase, which shows the

capability of the sounder in wideband measurements. The root-

mean-square error (RMSE) for each sounder measurement

compared to the VNA measurement is listed in Table I, which

shows the stability and accuracy of the sounder.

B. Measurement Series 2

1) Measured link responses: During the second series, a

coupler is mounted on the first radio chain (CH#1), and the

coupled signal is measured at the receiver side via a coaxial

cable connecting the transmit antenna port to the receive an-

tenna port. This cabled measurement characterizes the system

responses of the radio chains of the sounder. Besides, the

system response is also used later for path estimation for

multipath cancellation in our case. For general commercial

products without reserved antenna ports, the system response

can be estimated with the pre-known internal filters responses.

The resulting system response is shown in Fig. 6 in the delay

and frequency domain.
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The link responses for all 16 chains (CH#1 - CH#16)

measured at Pos#1 in the delay and frequency domain is

shown in Fig. 7. Different delays are set in the sounder

between half of the chains (CH#1 - CH#8) and the other half

(CH#9 - CH#16) in order to imitate possible delay difference

in radio chains of real products. Comparing Fig. 7 with

Fig. 6, the number of multipaths in the OTA propagation

seems to be small for Pos#1, and the effect of multipath

fading (frequency selectivity) on the measured link responses

seems to be minor. This is somewhat contradictory to our

expectation for the messy test environment shown in Fig. 4.

However, since the antennas used in the experiment are direc-

tional (i.e. 45◦ HPBW Vivaldi antennas), potential multipaths

might have been filtered out by the antenna radiation pattern.

Therefore, this observation is reasonable, and further multipath

cancellation may not be needed in this case. Nonetheless, in

other cases where multipath fading is significant, multipath

cancellation is still needed for a better calibration accuracy.

Note that when the measurement is taken at a larger distance,

such as Pos#7, Pos#8, and Pos#9, a relatively more significant

effect of multipath fading can occur. In fact, as is shown later,

the multipath cancellation scheme does help to improve the

calibration accuracy at those positions.

2) Resulting relative array responses: Despite the multi-

path fading may be small in our measurement, the multipath

cancellation scheme discussed in Section II-B is still per-

formed to achieve a higher calibration accuracy. The multipath

components are estimated with the expectation-maximization

algorithm [18]. The system response shown in Fig. 6 is used

as the basis function, i.e. the signal model for a single path,

for the estimation. The frequency response of each chain is

reconstructed with the estimated delay and complex amplitude

of the strongest path for that chain with respect to the basis

function.

In order to check the significance of the improvement,

the resulting relative array responses without and with the

multipath cancellation for 3.5 GHz are shown in the complex

plane in Fig. 8 and Fig. 9, respectively. Different colors

and markers represent different chains. The results of each

chain for different measurement positions (Pos#1 - Pos#9) are

connected with lines. The development of the results from

Pos#1 to Pos#9 is indicated with the decreasing sizes of the

markers.

For the results shown in Fig. 8(a) and Fig. 9(a) (i.e. the

results before the propagation compensation), the trajectories

of the relative array responses for those array elements close

to the ends of the test array, such as CH#1, CH#2, CH#15,

and CH#16, roughly fall on circles, which is caused by the

spherical wavefront as the probe antenna is placed in the

near field of the test array. Comparing Fig. 9(a) to Fig. 8(a),

we can see the trajectories are more circular-shaped, which

indicates that the relative array responses obtained with the

multipath cancellation follow more closely our signal model

in Section II-A.

For the results shown in Fig. 8(b) and Fig. 9(b) (i.e. the

results after the propagation compensation), the trajectories

of the relative array responses for all array elements tend to

converge to their respective local clusters. Comparing Fig. 8(b)

and Fig. 9(b), the local clusters for the case with the multipath

cancellation seem to be slightly more compact, which indicates

the marginal but noticeable improvement on the calibration

accuracy when using the multipath cancellation.

Nevertheless, we can see that some of the trajectories of

the relative array responses are still spreading out after the

propagation compensation in Fig. 9(b), especially those corre-

sponding to the elements close to the ends of the test array, e.g.

CH#1, CH#2, CH#15, and CH#16. One possible cause for this

is the incident angle offset discussed in Section II-C. When

the probe antenna is placed at 1 m from the test array, the

incident angle offset ∆θ for the outmost elements, i.e. CH#1

and CH#16, is about 21◦, which is very close to half of the

HPBW of the test array antennas. Therefore, a more severe

deviation to the true far-field relative array response can be

expected.

Another possible cause is the variation of the antenna
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Fig. 8. The relative array responses referenced to the 8th test array element
(CH#8) at 3.5 GHz (a) before the propagation compensation, and (b) after
the propagation compensation, both without the multipath cancellation.

radiation pattern of the outmost elements in the test array.

Since there are no additional dummy elements further outside

the outmost active elements, the antenna radiation pattern of

those elements differs from that of the elements in the central

of the test array. This radiation pattern change on the outmost

elements might aggravate the effect of the angle offset even

further.

Fig. 10 shows the standard deviation of the amplitude and

phase of the resulting relative array response for each radio

chain with and without the multipath cancellation, i.e. from

the results in Fig. 9(b) and Fig. 8(b), respectively. Since the

8th element (CH#8) is used as the reference, its amplitude

and phase deviation are always 0 dB and 0◦, respectively.

The standard deviation of both the amplitude and phase is

generally lower when the multipath cancellation is considered,

which, again, shows the improvement of utilizing the multipath

cancellation scheme for calibrating in open environments.

Moreover, the standard deviation generally decreases as the

radio chain index gets closer to the center of the test array,
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Fig. 9. The relative array responses referenced to the 8th test array element
(CH#8) at 3.5 GHz (a) before the propagation compensation, and (b) after
the propagation compensation, both with the multipath cancellation.
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phase of the resulting relative array response with and without the multipath
cancellation taking all measurement distances into account.
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Fig. 11. The calibrated relative array response over the frequency band of
interest, (left) the amplitude and (right) the phase. The 8th element in the test
array (CH#8) is used as the reference element.

which is consistent with our discussion given before. Overall,

the achieved standard deviation is below 1 dB and 6◦ for the

amplitude and phase, respectively.

Finally, the resulting relative array response at Pos#9 after

the multipath cancellation, which has the smallest incident

angle offset effect (i.e. about 8◦ for the outmost elements),

is used as the calibrated relative array response as shown in

Fig. 11. Since the 8th element in the test array (CH#8) is used

as the reference element, its amplitude and phase are always

0 dB and 0◦, respectively, over the frequency band of interest.

The relative amplitude response is flat for all chains since the

same basis function, i.e. the system response shown in Fig. 6,

is used for path estimation. The level of the amplitude response

indicates the relative gain of each chain. The slopes of the

phase responses in Fig. 11 correspond to the difference in

delay between different chains and the reference chain CH#8

(see the top subplot in Fig. 7).

V. CONCLUSION

In this paper, we propose a wideband antenna array calibra-

tion method for massive MIMO systems. This method allows

for array calibration at short distance, and it has the ability to

cope with potential multipath fading in the test environment.

All these features are very important when there are link

budget and reflection issues for calibration. Moreover, all radio

channels and array elements are calibrated simultaneously,

which reduces the calibration time.

The proposed method is validated with an experiment

conducted in an open laboratory environment. The results

show the multipath cancellation scheme helps to improve

the accuracy of the final calibrated relative array response.

The experiment shows that it is possible to conduct array

calibration without an anechoic chamber.

It is also shown that phase deviation due to the spherical

wavefront in the near field can be corrected with the known

propagation geometry. However, as pointed out in Section II-C,

the calibration error due to the incident angle offset on test

array element pattern still remains in the final result. To study

how significant the error could be, a reference far-field array

response needs to be measured in an anechoic chamber for

comparison in the future work. Nevertheless, it is expected

that a smaller incident angle offset would lead to smaller

calibration error contributed from the variation of the element

pattern within that angular region.
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