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Abstract—Time Division Duplex (TDD)-based distributed mas-
sive MIMO systems are envisioned as candidate solution for
the physical layer of 6G multi-antenna systems supporting co-
operative hybrid beamforming that heavily relies on the obtained
uplink channel estimates for efficient coherent downlink pre-
coding. However, due to the hardware impairment between the
transmitter and the receiver, full channel reciprocity does not
hold between the downlink and uplink direction. Such reciprocity
mismatch deteriorates the performance of mm-Wave hybrid beam-
forming and has to be estimated and compensated for, to avoid
performance degradation in the co-operative hybrid beamforming.

In this paper, we address the channel reciprocity calibration
between any two nodes at two levels. We decompose the problem
into two sub-problems. In the first sub-problem, we calibrate
the digital chain, i.e. obtain the mismatch coefficients of the
(DAC/ADC) up to a constant scaling factor. In the second sub-
problem, we obtain the (PA/LLNA) mismatch coefficients. At each
step, we formulate the channel reciprocity calibration as a least-
square optimization problem that can efficiently be solved via
conventional methods such as alternative optimization with high
accuracy. Finally, we verify the performance of our channel
reciprocity calibration approach through extensive numerical
experiments.

Index Terms—Hybrid Beamforming, Distributed MIMO, Chan-
nel Reciprocity, Reciprocity Calibration.

I. INTRODUCTION

Massive MIMO is considered as an enabling technology
towards realizing 5G and beyond communications, since the
large number of antennas per base station allows for extended
coverage, effective beamforming [1][2], higher data rates per
users [3], and better spectral efficiency [4]. However, such
network densification technique contributes to the inter-cell-
interference (ICI) effect which negatively impacts the perfor-
mance of the wireless communications system. To overcome
this issue, the concept of distributed massive MIMO systems
is envisioned as a potential technology for realizing 6G multi-
antenna systems [5].

A distributed massive MIMO system is a scalable[3] im-
plementation of coordinated multi-point transmission (CoMP),
where a multitude of access points (APs) that are geographi-
cally separated, co-operate towards jointly serving the mobile
users (MUs) with the goal of increasing the received signal
quality and system throughput [6]. Each AP has its own
local oscillator and may possibly employ a large array of
antennas. The APs are interconnected and connected to a
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central server (CS) through wired backhauling (e.g. Ethernet).
To enable beamforming to a user in the downlink the nodes
which are involved in the downlink transmission need to know
the downlink channel to a particular user. To avoid feedback
overhead, the AP may be able to estimate the downlink channel
if the downlink and uplink are at the same frequency. Therefore,
the recommended scheme for distributed MIMO systems is
time-division duplex (TDD).

Under the TDD scheme, each AP is enabled to estimate the
uplink channel using the uplink pilot symbols received from the
user equipments (UEs). Exploiting the reciprocity of the UL-
DL channel, the uplink estimates can be utilized for estimating
the downlink channel. This is typically termed as a reciprocity-
based channel estimation in the literature. Under ideal channel
reciprocity, once the uplink channel is estimated the same
estimate can be used as the equivalent for the downlink channel.
However, in practice full channel reciprocity does not hold
in general due to the non-reciprocity in the RF chains of the
transceivers at the channel end-points. To overcome this issue,
calibration techniques must be used to tune the transceivers
hardware for reciprocity-based channel estimation to become
feasible. Several types of signaling exist in the literature for
reciprocity calibration. A line of research proposes to perform
calibration utilizing the bidirectional channel between the APs
and the UEs[7]. Some other approaches perform internal cal-
ibration at the APs[8][9], while some works consider over-
the-air signaling between the APs. Given that bidirectional
signaling between the APs and the UEs highly depends on the
quality of the UEs links and that deploying cables for the sake
of calibration between the distributed APs is not practical, it is
widely supported that the third calibration approach is the right
solution for distributed MIMO systems [5][10][11].

Fig. 1 depicts the structure of a hybrid beamformer. Regard-
less of the imperfection in the phase shifter network (PSN), the
reciprocity mismatch at hybrid beamforming systems, stems
from the imperfection in the hardware at the digital and the
analog RF chains. More precisely, at the digital RF chain,
the digital-to-analog converter and analog-to-digital converter
(DAC/ADC), and at the analog chain, the power amplifier and
the low-noise amplifier (PA/LNA) require calibration for chan-
nel reciprocity. Therefore, although the literature on reciprocity
calibration for fully-digital beamforming is rich, reciprocity
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mismatch in hybrid beamforming systems need to be addressed
differently. Reciprocity calibration for hybrid beamforming in
TDD-based massive MIMO systems was first addressed in [12],
where the authors used an internal calibration method where
they considered a PSN with sub-array based architecture. As
opposed to this pioneer work, and similar to [13][5][4], in
this paper we considered a fully-connected PSN. Within the
context of distributed massive MIMO systems, the authors in
[5] proposed a maximum likelihood (ML)-based calibration
relying on joint beam sweep by all APs in the network. The
authors consider a single mismatch parameter per AP and
only consider fully-digital beamforming. As opposed to this
work, in this paper we consider a single mismatch coefficient
per digital RF chain which allows for a much more precise
reciprocity calibration. However, among the prior art, at the
macroscopic level our approach remains closest to the one
presented in [14] where the authors decompose the channel
reciprocity calibration in TDD hybrid beamforming systems
into two disjoint problems. They first come up with a closed-
form solution for the calibration of the digital chain and then
formulate and solve an optimization problem to calibrate the
analog chain. In [13] calibration of the PSN is considered.
Having taken this imperfection into account in a later work,
the authors calibrate the analog and digital chain in the hybrid
massive MIMO system[4]. In this paper, we decompose the
channel reciprocity calibration task for hybrid beamforming
into two sub-problems. The first sub-problem entails calibrating
the the digital chain up to an unknown scaling factor. Having
obtained the calibration parameters of the digital chain, the
second sub-problem aims at calibrating the analog RF chain.
We note that compared to the prior art, our approach has
minimal overhead in terms of the number of communication
rounds required for estimating the calibration parameters.

The remainder of the paper is organized as follows. Sec-
tion II describes the system model. In Section III we describe
our proposed method for reciprocity calibration between two
arbitrary nodes. Section IV presents our evaluation results, and
finally, in Section V, we highlight our conclusions.

II. SYSTEM MODEL

We consider a distributed mmWave MIMO system where
a cluster of co-operative multi-antenna APs employing hybrid
beamforming, jointly serve mobile users (MUs).

A. Beamforming Model

The hybrid beamformer comprises of a first level digital
beamformer and a second level analog beamformer. Each AP is
equipped with N,, digital RF chains which are fed by the output
of the digital beamformer for each transmitted streams. In turn,
the output of the digital RF chain goes through an analog
beamformer which is connected to M,, analog RF chains
each of which connected to an antenna element where the
antenna elements are arranged in a uniform linear array (ULA)
structure. The analog beamformers are usually comprised of
phase-only vectors which are implemented by fully-connected
phase shift network (PSN) [4] between the output of the digital
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Fig. 1: Hybrid Beamforming System Model

RF chains and input of the analog RF chains. In a subarray-
based structure[12] the output of each digital RF chain feeds a
disjoint set of analog RF chains (or antennas), hence, the analog
beamformer has a block diagonal structure. We consider a
general analog beamformer in this paper (except for a practical
constraint discussed later in Section III) that can treat either of
the fully-connected or subarray-based structures as an special
case. At the MUs, there are M,,, and Ny, analog and digital
RF chains, respectively.

B. Channel Model

The mmWave channel between each AP and each MU is
assumed to have only a few spatial clusters L < Ny, Nipy,
where L is the number of scatterers, determining the number of
paths between each AP and each MU. We consider a geometric
channel model that is given by,
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where o ~ CN (0,02) is the gain of the [—th path, an, (¢¢) €
CNm, and @y, (0y) € CM» denote the directivity vectors of
the MUs and the APs at the angles of arrival (AoA) ¢, €
[-7/2,7/2) to the MUs, and the angles of departure (AoD)
0, € [-m/2,7/2) from the APs. The directivity vectors ap,
and a,, are given by,
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where A is the carrier wavelength and d denotes the distance
between every two adjacent antenna elements and is set as
d = M\/2. The effective channel between any AP and MU is
a function of the mmWave channel and the transfer functions
of the RF chains, the PSNs, and the analog beamformers on
both sides. The uplink (UL) and the downlink (DL) channels
are give by,

HDL = Rmu,lBTRmu,ZHTap,ZFTap,l7 (3)
Hyr = Rap 1 F Rap o H Ty 9BTonu 1 )
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where Ty 1,Ryp1 € CNo*Ne are the digital reciprocity
calibration matrices which denote the frequency responses
of the transmit and receive digital RF chains (DAC/ADC) at
the AP, Ty, 0, Rypo € CMw*Mw are the analog reciprocity
calibration matrices which denote the transmit and receive
frequency responses of the analog chains (PA/LNA) at the AP,
respectively. Similarly, at the MU, Ty 1, Rmnu,1 € CNmo X Nonw
denote the frequency responses of the transmit and receive
digital RF chains, and Ty 2, Ry € CMmXMm are the
transmit and receive frequency responses of the analog chain.
We note that all these matrices are diagonal with the diagonal
elements modeling the gain and phase characteristics of each
of the chain elements. The off-diagonal entries model the
cross-talk between the RF hardware that is assumed to be
almost zero under proper RF design [15]. We assume that all
the transceivers store codebooks for the hybrid beamforming
task where each codebook consists of codewords that each
represent a beamforming vector. The F € CM»>*Nwo and
B € CMm>Nm are known the beamforming matrices at the
AP and the MU, respectively where each beamforming matrix
consists of N; beamforming vectors. The matrices B and F
model the beamformers that precode the input analog streams
that are then amplified and sent to to the analog chains. We note
that each AP or MU use the same matrices for beamforming
both when transmitting and receiving. The transmission in the
DL direction can be modeled by,

yoL = HprLxpL + zpL &)

yuL = HyLxur + zuL (6)

where xpp € CV» and xy, € CVm are the input streams to
the digital RF chains (i.e., the output of the baseband processing
unit (BBU) which could in turn be digitally precoded symbols)
the AP and the MU, respectively. In the DL direction, the AP
may use a digital precoder W € CNwXNs guch that xpp, = Ws
where s € C™- is the vector of digital symbols transmitted from
the AP with N, < N,, being the number of data streams, ypr. €
CMm and yy;, € CMe are the vectors of the received signal
streams at the BBU in the DL and UL directions, respectively,
and zp;, € CMm and zy, € CM» are the vectors of the additive
white Gaussian noise (AWGN) with the distributions zp;, ~
CN (O,afIMmu) and zyp, ~ CN (O,UZQIM@).

III. RECIPROCITY CALIBRATION BETWEEN TWO NODES

In this section, we address calibration between two nodes
S and S’. Without loss of generality we assume each node
employs M analog RF chains and N digital RF chains. The
goal is to estimate a combination of the digital and analog
calibration matrices in the transmit and receive paths for both
nodes in such a way that the channel estimation in one
direction can be used in the reverse direction. To this end,
we propose a two-step approach for calibration process where
in the first step we estimate the digital reciprocity calibration
matrices and in the second step we estimate a combination
of the analog reciprocity matrices. As becomes evident in the
following, there is no sub-optimality in breaking the calibration

process into two steps, and our approach takes advantage of
the estimated parameters in the first step in the second step in
order to minimize the number of pilot transmission required for
calibration. This is in fact very important to minimize the time
spent on calibration not only to reduce the calibration overhead
but also to make sure that the channel variation is negligible
during the calibration process.

In the first step, the digital reciprocity calibration matrices
in the transmit and receive paths for either of the nodes are
estimated up to a scaling factor. Without loss of generality, as
we will discuss later, we use the calibration parameter corre-
sponding to the first antenna element as the scaling factor. In
the second step, we use the estimation of the digital calibration
matrices in formulating the problem of finding a combination
of analog calibration matrices that are required to benefit from
channel reciprocity. Although no claim of optimality is made,
the proposed approach is built on a particular pilot transmission
and analog beamformer selection with the aim of minimizing
the number of transmissions required to perform the reciprocity
calibration. This is particularly important due to the fact that
during the transmission of a group of such pilots the channel
variation is assumed to be negligible. Moreover, reciprocity
calibration has to be performed periodically in order to capture
the effect of variation in the properties of the elements in the
analog and digital RF chains. Hence, an efficient calibration
process with minimum possible time should be devised in order
to reduce the overhead of the calibration.

It is important to note that even during pilot transmissions,
hybrid beamforming is employed by using proper analog beam-
formers (i.e., transmit and receive beamformers). A proper
analog beamformer usually uses the entire transmit antenna
array, i.e., the weight corresponding to each antenna element is
nonzero. This property trivially holds in the special case that the
analog beamformers are implemented by a PSN. This property
is important in practice to ensure good beamforming gain, as
in theory one may suggest to use a trivial beamformer which
activates only one antenna in order to expedite the calibration
process to a linear time based on the number of antennas.
Although in an abstract theoretical analysis, such beamformers
may seem to be the most efficient in terms of reducing the
calibration time, in practice, an analog beamformer which uses
a single antenna in average transmits (or receives) a fraction
of 1/M power in comparison to a beamformer which uses the
entire antenna array that consist of M antenna elements.As
a result of this important practical limitation on the analog
beamformers, we will see that even though the first step, i.e.,
the digital chain reciprocity calibration, may be performed in
linear time with respect to the number of digital RF chains,
the second step, i.e., the analog chain reciprocity calibration
between two nodes, requires quadratic time with respect to the
number of analog RF chains, i.e., number of antenna elements.

A. Digital Chain Reciprocity Calibration

In order to estimate the digital transmit matrix T; at node
S and digital receive matrix R} at node S’, we transmit N
consecutive pilot signals from N different digital RF chains

Authorized licensed use limited to: University of Maryland College Park. Downloaded on August 13,2024 at 16:45:14 UTC from |IEEE Xplore. Restrictions apply.



of node S with the digital reciprocity calibration parameters
t1;,t = 1,..., N.In all these transmissions, we use an arbitrary
but unique beamforming vector, say f;. In other words, we use
the pilot signal s = [s] and F = f; in (6). On the receiver
side, the node S” will receive on all its digital RF chains using
the M x N receive beamforming matrix B that is defined as
B = [by, by,...,by], ie., consisting of N column vectors b;.
The received signal for the ¢-th transmission is given by

y: = R\BTR,HT fity;s +2p, Yi=1...N (7)

where R/ is a diagonal matrix with the diagonal elements with
the diagonal elements r,,7 = 1, ..., N represented by the vec-
tor vy = [riq,..., 7] ]  Similarly, for the diagonal matrix Ty,
T2, and R/2 we define tl = [t117 . ,th], t2 = [t21; . ,th],
and ry = [rhy,...,r5y]. Further, define the scaling factor
h = bTR,L,HT,.f,. Therefore, R|BTR,HT,ft;; can be
estimated from (7) as,

¥, =R)hty, Vi=1...N (8)

Note that for all k,I € 1..N, the relation between any rj,
and r}; can be easily found as 7, /r}, = ¥., /y., through any
of the N equations in (8) where g, is the k-th element of the
vector y’. Therefore, the R} matrix can be estimated up to a
scaling factor. However, there are N such noisy observations
that may each result in different noisy estimates for R. Similar
argument goes for T;. To get a more reliable estimate of both
R/ and T, we formulate the following optimization problem
in order to find first level reciprocity calibration matrices.

Problem 1. (First-level Reciprocity Calibration)

The transmit and receive matrices T4, and R/ can be found up
to a scaling factor as the solution to the following least-square
minimization problem.

N N
T, R} = argminz Z Hyij - TiihtleQ ©)

i=1 j=1

Solving Problem 1, enables us to estimate the digital transmit
matrix T at node S and digital receive matrix R} at node
S’ with N? observations that are achieved through only N
transmissions. Similarly, the digital transmit matrix T at node
S’ and digital receive matrix R, at node S can also be
determined with additional N pilot transmission from node S’
that results in additional N2 observations.

B. Analog Chain Reciprocity Calibration

Having determined the Ry, T;, Rj, T/ matrices up to an
unknown scaling factor, in this section, we focus on estimating
the receive and transmit matrices of the analog chain. In order
to do so, we perform an structured pilot transmission over
different digital transmit chains and for each such transmission
we receive on all IV digital receive chains as described in the

following. We select M transmit beamformer f;, i = 1,..., M
and b;,i =1,..., M from the transmit and receive codebook,
respectively, such that the matrices F = [f;,fs,..., f)/] and

B = [by,bo,...,by] are full rank. For each f;, i = 1,..., M,
we perform k = 0,1,...,[M/N] — 1 transmissions with
transmit beamformer f; from chain 1, and receive beamformers
biyin,bosin, ..., byyrn for the k¥ transmission with the
beamformer f;, where b,, = by for m > M. Hence, after
M[M/N7 transmission we gather M? observations that we
arrange in a M x M matrix Y. Using the model in the downlink
direction (6), we can write

y;ﬂ, = R&BgRéHTgfitnS + Z;Ciy (10)

for all k = 1,...,[M/N] and i@ = 1,...,M where the
estimated values for R/ is already computed in the last step
up to an scaling factor r4,. The j**, j = 1,..., N row of the
matrix product R1By, for k = 1,...,[M/N] is given by a
row vector r’lijTv(k_l)H = T’H(r’lj/r’n)bITv(k_l) = r,b?

+3 m
where m = N(k — 1) + j. Stacking the these row vectors B,Tn
for m = 1,..., M results in an M x M matrix B. Consid-
ering F = [f,f5,...,f)/] which consists of all M transmit
beamforming vectors and the modified received beamforming
vectors in B, we would get an aggregate M x M observation

matrix Y’ as

Y' =7, BTR,HT Fty,s' + Z/ an
In a similar fashion, in the uplink direction we can write,
Y = r FTR,HT T, B, s + Z. (12)

Letﬁ{" and Y be the estimation of r/,BTR,HT,Ft;; and

r11 FTRyHT T, Bt}, based on (11) and (12), respectively. We

have the following two observations for the channel,
I:Il = (Tiltu>_1R/271B_T?/F_1T271
I:IQ = (Tlltlll)71T/2_1B7TY~'TF71R2_1

13)
(14)

Now, define X = B-7Y'F~land Z = B-TYTF~!, where
X,Z € CM*M are completely known. Let z;; and z;; be the
elements of the X and Z matrices for all 7,7 = 1... M. We
have,

7 I—=1,—1  /—1,-1
hli' TijTo; 2% r t
iy W24 72 11 Y11 s
= = T g - ~L Vij=1...M (5
ha,ij Zijly; To; T i1

ol =11 R
Let us/del:ﬁne B =rpty; /(rg ty ), and oy = rots;,
af = rhth.". We have

Oéj - zij
— & f—
@; Lij

Vi,j=1...M (16)

This means that given «y, we can find all «;’s and «’s
based on a single scaling factor that is «;. Please note that
the product of RoT is a diagonal matrix where the diagonal
elements are given by [aq, g, . . ., aps]. Similarly, R’QT’Q_1 the
follows a diagonal structure with the diagonal elements given as
[, &b, ..., ay]. In order to minimize the estimation error, the
estimation of each fraction is not performed individually and
we formulate the problem as a joint least square optimization
which involves all fractions in order to get the best estimates
of the second-level calibration matrices as follows.
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Fig. 2: Normalized Reciprocity Calibration MSE.

Problem 2. (Second-level Reciprocity Calibration)
The second-level analog chain matrices can be found as the
solution to the following least-square optimization problem.

M M

' 2

(owl s = pin 5"l - el
i, a,0,j € [M] = =

a7)

Having found the best estimates of o; and o parameters, the
mismatch calibration matrices Ry Ty and RyTS ' can be
easily formed and found up to a scaling factor as the second-
level calibration matrices.

IV. PERFORMANCE EVALUATION

In this section, we first describe the simulation setup and
then proceed to the analysis of the numerical results.

A. Simulation Setup and Parameters

We consider two nodes with M; = 32,64 and M, = 32,64
antennas and N; = M;/4, and N, = M,./4 digital RF chains,
respectively. We consider a multi-path channel model with
L = 4 paths. We assume the gain of each path ay,/ =1,....,4
follows a Gaussian distribution with mean zero and variance
02 = 1. The AoAs/AoDs are sampled from a uniform
distribution {0y, ¢r} ~ U(—n/2,7/2). Further, we assume
the reciprocity mismatch gains follow a log-normal distribu-
tion, i.e. {In[t;n|,In|r;n| In|t,, | In|r} |} ~N(0,0),i¢€
{1,2},n = 1...N, for standard deviation o. Similarly, the
phase of the mismatch parameters follows a uniform distribu-
tion { Lt n, L, £t} ,,, L7, } ~U(—=7/16,7/16). Our tests
are carried out on a server with an Intel 19 CPU at 2.3 GHz
and 16 GBs of main memory.

B. Reciprocity Calibration between Two nodes

In this experiment we implement the calibration process
described in sections III-A and III-B under different circum-
stances. Fig. 2(a, b) depict the normalized mean-square error

(NMSE) resulted from the calibration technique in estimating
each of the calibration matrices for the digital and analog RF
chains, versus the transmission noise variance, respectively. The
actual and estimated calibration matrices are normalized with
respect to the first element of the matrix to ignore the constant
scaling factor in calculating the NMSE. We observe that in both
steps, as the number of antennas per AP increases the NMSE
curves are shifted downwards (NMSE improved by a factor
of 1000), as there will be more observations which allow for
making a more precise estimate of the calibration matrices.
Fig. 3 provides a visualization of the effectiveness of our
proposed calibration approach under various noise variances.
In Fig. 3, we consider M = 32 antenna elements and N = 8
digital RF chains at each AP. The scatter plots in Fig. 3(a,b)
show the performance of the first step of the calibration process
when estimating the calibration matrix 77 for o = 0.01 and
o = 0.1, respectively. It is observed that, in either case, the
calibration parameters are obtained with high accuracy and as
the noise variance gets smaller the estimation error reduces. In
the second step of the calibration, one is interested in RyT), !
instead of the calibration matrices Ro and T itself. Fig. 3(c,d)
presents similar results for the second step of the calibration.

V. CONCLUSIONS

We presented a two-step approach for reciprocity calibration
comprised of a first step for the first-level calibration of the
mismatch related to the digital RF chains and a second step
corresponding to the second-level calibration which builds on
the results obtained for the first-level parameters. At each
step, the channel reciprocity calibration is formulated as a
least-square optimization problem that is efficiently solved
by conventional methods. We verified the effectiveness of
our calibration technique by means of numerical experiments.
Simultaneous calibration of more than two APs for co-operative
beamforming, together with joint calibration and synchroniza-
tion of APs in a distributed MIMO system is among the future
directions of our research.
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