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Abstract—In cell-free (CF) massive MIMO, a large number of
access points (APs) distributed over the coverage area jointly
serve a set of users over the same time/frequency resources.
In this paper, we study the impact of channel non-reciprocity
(NRC) and imperfect channel state information in CF massive
MIMO systems. We derive analytical expressions of capacity
lower bounds, including a physically inspired non-reciprocal
channel model where the NRC variables vary slowly in time. The
conclusion is that under conjugate beamforming, the achievable
downlink rate is only sensitive to AP side phase non-reciprocity,
hence the calibration requirements can be less restrictive since
only the phase reciprocity errors have to be corrected. These
findings are new compared to the existing literature where the
NRC variables are commonly assumed to be of fast-fading nature.

Index Terms—Cell-free massive MIMO, channel reci-
procity, conjugate beamforming, frequency response mismatch,
maximum-ratio processing, channel hardening.

I. INTRODUCTION

THIS letter considers a cell-free (CF) massive MIMO sys-
tem where a large number of randomly distributed access

points (APs) are jointly serving a smaller number of spatially
multiplexed users [1], through distributed beamforming. The
CF notion implies that the network side antennas are spatially
dispersed over different APs, instead of being collocated in a
single base-station at the centre of the cell or coverage area.
The main advantage of the CF massive MIMO concept is
the spatial diversity, i.e., the distance between a user and the
nearest AP is generally reduced [2]. Such CF massive MIMO
deployment has been shown to, e.g., provide more uniform
coverage to users at random locations than the corresponding
cell-based massive MIMO systems [3].

A time-division duplexing (TDD) network is considered,
where uplink pilots or training signals are used for UE-AP chan-
nel estimation [3], [4]. Then, building on the channel reciprocity
assumption, the APs calculate the downlink precoding or
beamforming weights for the actual downlink data transmission
[4]. However, although the physical propagation channels were
purely reciprocal, the inherent frequency response mismatches
of the involved transmitters and receivers and hence the
effective UL and DL channels are known to be non-reciprocal
[5]. Such TDD-MIMO non-reciprocity (NRC) problem has
been considered in the existing literature, in more ordinary
centralized MIMO context in [5]–[8], while the distributed case
was addressed to a certain extent in [9], [10]. For generality, it
is also noted that massive MIMO systems are subject to other
challenges, such as pilot contamination [3], [11], however, in
this letter we focus on NRC.
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Fig. 1: Illustration of the considered cell-free massive MIMO system with
channel non-reciprocity stemming from the frequency response mismatches.

In general, the transceiver frequency response characteristics
depend on the hardware implementation and the operating
conditions, e.g., temperature drift. Thus, the NRC charac-
teristics vary slowly in time compared with the changes
in the physical propagation channel. Therefore, the NRC
variables can be assumed to be constant over many propagation
channel coherence intervals [10], [12]–[14], and thus the
NRC estimation and calibration is commonly executed fairly
infrequently, e.g., once in an hour [10], [12], [13]. However, the
majority of the performance analysis studies related to NRC
analytically model the calibration errors as fast-varying random
variables, primarily for analytical tractability [6]–[9]. To address
this inconsistency and to provide analysis results with physical
basis and practical impact, we consider a more physically-
inspired and measurement-based NRC modeling in our analyt-
ical derivations, where the NRC values change substantially
slower in time. Under such assumption, and considering the
implementation-feasible conjugate beamforming processing at
the APs together with statistical beamformed channel based
detection at UEs, we derive an analytical lower bound for
the achievable downlink rate. Different to the previous works
[6], [9], [12], the obtained results show that under the above
assumptions, the UE side NRC does not affect the CF massive
MIMO system performance in any way. Additionally, the results
show that system performance is sensitive to AP side phase
NRC while amplitude mismatches at AP do not have any
essential impact. These findings are clearly new and different
from [6]–[9], stemming from the more physically-inspired NRC
modeling, and thus provide new information and understanding,
e.g., for reciprocity calibration in massive MIMO systems.

II. SYSTEM MODEL

A. Basic Assumptions

The basic considered system scenario is shown in Fig. 1. A
central processing unit (CPU) controls all the APs, providing
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the data payload and signaling needed for synchronized
downlink transmission. All the protocols between APs and
CPU are excluded from this work, considering a perfect and
error-free backhaul with unlimited capacity. We denote the
number of APs by M , and the number of users served at the
same time-frequency resource by K , while each AP and UE is
assumed to be equipped with a single antenna for simplicity.

Building on the TDD principle and channel reciprocity
assumption, the APs receive uplink training or pilot sequences
from the users to estimate UE-AP channels, and then precode
the downlink payload based on the estimates. For simplicity,
we assume that there is no pilot contamination which means
that users transmit pairwise orthogonal pilot signals, and the
uplink training time in symbols, denoted by τp , is equal to K .
Similar assumptions are made, e.g., in classical works [4], [6],
[9]. We do not consider pilot contamination [3], [11] because
this work specifically focuses on the impact of channel non-
reciprocity. Finally, an OFDM based system is considered, and
thus all the upcoming effective channel models are interpreted
at an arbitrary passband subcarrier of the system.

B. Non-Reciprocal Channel Modelling

The effective channels in downlink and uplink, comprising
the effects of both the physical propagation as well as the
involved transmitter and receiver hardware, are mutually differ-
ent since the analog circuitries in the TX/RX paths are formed
by different non-ideal components. We model the differences
between the effective channels in uplink and downlink, similar
to [6], [7], [12], as Gul = BulPFul and Gdl = FdlPTBdl, where
Gul ∈ CM×K and Gdl ∈ CK×M are the effective uplink and
downlink channel matrices, respectively, F = diag(F1, ...,FK )

and B = diag(B1, ...,BM ) are the diagonal frequency response
matrices at the UE and AP sides, respectively, and P ∈ CM×K

is the reciprocal physical MIMO channel matrix. Based on
this, we can thus obtain a direct relation between the effective
uplink and downlink channels as gdl

mk
=

Fdl
k
Bdl
m

Ful
k
Bul
m
gul
mk

.
The physical propagation channels are modeled, similar to

[1]–[3], as pmk =
√
βmkhmk where βmk is the large-scale

fading coefficient while hmk denotes the small-scale fading.
We assume that hmk are independent and identically distributed
(i.i.d) CN(0,1) random variables (RVs).

The randomness of the transceiver frequency responses is,
in turn, captured by the statistics of B and F. For modeling
purposes, we consider that the passband amplitude and phase
responses are independent [8], and hence express Bm as

Bx
m = Ax

Bm
e jθx

Bm (1)

where x ∈ {dl,ul}, with A and θ denoting the values of the
amplitude response and phase response, respectively. Similarly,
the frequency responses at the UEs can be denoted as

Fx
k = Ax

Fk
e jθx

Fk (2)

Let us then denote with σ2
A the variance of the amplitude

responses and with σ2
θ the variance of the phase responses.

In order to model and quantify the reciprocity level of the
transceivers, we next define the covariances between the uplink
and downlink amplitude and phase responses as

Cov(Adl
Fk
, Aul

Fk
) = νAUEσ

2
A (3)

Cov(Adl
Bm
, Aul

Bm
) = νAAPσ

2
A (4)

Cov(θdl
Fk
, θul

Fk
) = νθUEσ

2
θ (5)

Cov(θdl
Bm
, θul

Bm
) = νθAPσ

2
θ (6)

where ν denotes the relative reciprocity level. Specifically,
when ν = 1, the corresponding responses in the uplink and
downlink are the same, i.e., the channel is purely reciprocal.
Then, the mean squared error (MSE) quantifying the level of
non-reciprocity can be expressed as

ε2
AUE
= E{|Adl

Fk
− Aul

Fk
|2} = (1 − νAUE )σ

2
A (7)

ε2
AAP
= E{|Adl

Bm
− Aul

Bm
|2} = (1 − νAAP )σ

2
A (8)

ε2
θUE
= E{|θdl

Fk
− θul

Fk
|2} = (1 − νθUE )σ

2
θ (9)

ε2
θAP
= E{|θdl

Bm
− θul

Bm
|2} = (1 − νθAP )σ

2
θ (10)

III. PERFORMANCE ANALYSIS

A. Uplink Channel Estimation

Transceiver frequency responses vary, in general, very slowly
in time compared to the corresponding variations in the
propagation channel [13], [15]. Thus, we can assume that B
and F remain constant over many channel coherence intervals.
Hence, we define the DL and UL long-term channel power
gains as

∆
dl
mk

∆
= E{|gdl

mk |
2} = |Fdl

k |
2 |Bdl

m |
2 · βmk

∆
ul
mk

∆
= E{|gul

mk |
2} = |Ful

k |
2 |Bul

m |
2 · βmk

(11)

and assume that ∆ul
mk

is known when computing below the UL
MMSE channel estimate.

To perform the channel estimation, all the UEs simultane-
ously transmit pairwise orthogonal UL pilot sequences, similar
to classical works [3], [4]. We denote the pilot sequence length
in samples by τp, and let ρu denote the uplink normalized
signal-to-noise ratio (SNR). The received pilot signal samples
in the m-th AP, expressed as a τp × 1 vector, thus read [3]

yp,m =
√
τpρu

K∑
k=1

gul
mkϕk + wp,m (12)

where √τpϕk ∈ C
τp×1 is the pilot sequence used by the k-th

UE, and wp,m are i.i.d CN(0,1) RVs representing thermal
noise. Each AP correlates or de-spreads the received signal
by projecting over the pilot sequences, obtaining samples
proportional to the channel from the AP to the k-th user. The
MMSE estimate of gul

mk
is then given by [1], [3]

ĝul
mk =

Cov(gul
mk
, y̌p,mk)

Var(y̌p,mk)
y̌p,mk =

√
τuρu∆

ul
mk

τuρu∆
ul
mk
+ 1

y̌p,mk (13)

where y̌p,mk = ϕH
k

yp,m. The corresponding uplink channel
estimate variance, denoted by γmk , reads

γmk = E{|ĝul
mk |

2} =
τuρu(∆

ul
mk
)2

τuρu∆
ul
mk
+ 1

(14)
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B. Downlink Data Transmission

The APs are assumed to rely on channel reciprocity and thus
use the uplink channel estimates directly as the corresponding
downlink channel estimates. The downlink multiuser transmit
signal is, in general, given by

x = Uq (15)

where U = [u1, ...,uK ] is the precoding matrix and q ∈ CK×1 is
the normalized symbol vector with E{qqH } = IK . The matched
filter (MF) or maximum ratio transmission (MRT) precoder
is obtained by setting uk = [η

1/2
1k ĝ∗ul

1k , ..., η
1/2
Mk

ĝ∗ul
Mk
]T where ηmk

is the power control coefficient from the m-th AP to the k-th
user. The corresponding received signal at the k-th user can
then be expressed as

rk = xTgdl
k + wk (16)

where wk v CN(0,1) denotes receiver thermal noise with
variance normalized to one.

For presentation simplicity, no specific power control scheme
is considered in this work. All APs are assumed to transmit
with the same power, and thus the corresponding normalized
downlink transmit SNR reads ρd = E{|xm |2}. Hence, at the m-
th AP the power control coefficients for all users are equal, i.e.
ηmk =

ρd
(
∑K

k′=1 γmk′ )
[3]. We also note that due to the frequency

response variations, the actual power radiated at the m-th AP
varies accordingly. We adopt this approach because including
the frequency response characteristics in the power constraints
is likely to be anyway unfeasible in practical systems.

Based on (16), we next separate the desired signal beam-
formed to the k-th user and the inter-user interference (IUI),
as

rk = uT
kgdl

k qk +
K∑

k′,k

uT
k′g

dl
k qk′ + wk (17)

Classical massive MIMO systems [3], [4] are commonly as-
sumed to rely on channel hardening when detecting the received
signal, i.e., users rely on the statistics of the beamformed
channel to detect the desired symbol. Based on this and the
expression in (17), we thus define the desired signal as

DSk = E{uT
kgdl

k }qk (18)

Then, the lack of knowledge of the beamformed instantaneous
channel, uT

k
gdl
k

, is captured by the self-interference given by

SIk = (uT
kgdl

k − E{uT
kgdl

k })qk (19)

Additionally, based on (17), the inter-user interference reads

IUIk =
K∑

k′,k

uT
k′g

dl
k qk′ (20)

In general, there are many expressions and bounds to analyze
the achievable downlink rate [16]. The so-called Use-and-then-
Forget (UatF) [17] is a simple lower bound, which in most
centralized Massive MIMO cases is also tight. This bound is
computed using the effective SINR as [17]

RUatF
k = log2(1 + SINRk) (21)

where SINRk , considering the interference terms as uncorre-
lated effective noise, is defined as follows

SINRk =
E{|DSk |

2}

E{|SIk |2} + E{|IUIk |2} + 1
(22)

We next compute the three terms separately following a
similar approach as in [3], which yields

E{|DSk |
2} =

����� M∑
m=1

η
1/2
mk
γmk

Fdl
k

Bdl
m

Ful
k

Bul
m

�����2 (23)

E
{
|SIk |2

}
=

M∑
m=1

ηmk∆
dl
mkγmk (24)

E
{
|IUIk |2

}
=

M∑
m=1
∆

dl
mk

K∑
k′,k

ηmk′γmk′ (25)

The final expression of the effective SINR is thus given by

SINRk =

����∑M
m=1 η

1/2
mk
γmk

Fdl
k
Bdl
m

Ful
k
Bul
m

����2∑M
m=1 ∆

dl
mk

∑K
k′=1 ηmk′γmk′ + 1

(26)

We note that these expressions capture both the effects of
uplink based channel estimation as well as the non-reciprocity
due to transceiver frequency response mismatches.

C. Impact of Non-Reciprocity with Perfect Channel Estimation

Next, we consider the particular case of perfect channel
estimation at the AP side, to simplify the general analytical
expressions, and to obtain insight on the effects of the NRC
alone. The uplink channel estimate power reads now γmk =

∆ul
mk

, while the desired signal power or the beamforming gain
and the self-interference plus IUI power are given by

E{|DSk |
2} = |Ful

k |
2 |Fdl

k |
2

����� M∑
m=1

η
1/2
mk

|Bul
m |

2

Bul
m

βmkBdl
m

�����2 (27)

E
{
|SIk |2

}
+ E

{
|IUIk |2

}
=

M∑
m=1
|Fdl

k |
2 |Bdl

m |
2βmk

K∑
k′=1

ηmk′ |Ful
k′ |

2 |Bul
m |

2βmk′
(28)

1) Impact of UE side NRC: Based on (27) and (28), we can
observe that only the UE side amplitude response appears in
the expressions. Hence, the phase non-reciprocity at UEs does
not degrade system performance. Specifically, the interference
terms in (28) only contain the product of the transceiver
frequency responses, thus a non-reciprocal response at UE
side does not increase the interference power. Additionally,
the amplitude non-reciprocity is not present in (27) either, but
the product of both uplink and downlink amplitude responses,
implying that a non-reciprocal response does not reduce the
beamforming gain. The frequency responses variations can thus
be seen as gain errors which do not cause IUI.

2) Impact of AP side NRC: From (27), we observe that
the amplitude mismatch at the AP side does not reduce the
beamforming gain since the uplink frequency response at the
AP, Bul

m, is effectively normalized in amplitude. However, based
on (27), the phase reciprocity errors at the AP side will impact
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the beamforming direction, i.e., the transmitted signals from
each AP to the k-th user do not add up purely coherently
anymore, reducing the beamforming gain. Regarding the impact
on the inter-user interference in (28), only the product of
the transceiver frequency responses is present, hence, a non-
reciprocal response does not increase the IUI power.

Based on the analytical results and above discussion, we
can thus conclude that
• the UE side phase and amplitude non-reciprocity do not

degrade the performance;
• the AP side amplitude non-reciprocity does not degrade

the performance;
• the AP side phase non-reciprocity degrades the perfor-

mance because the simultaneous transmit signals do not
anymore add up coherently at the receiver

We note that these conclusions are valid under the assumption
of conjugate or MRT beamforming at APs, which is the most
common assumption in CF massive MIMO systems [1]–[3]. For
generality, it is also noted that a similar conclusion regarding
MRT precoder sensitivity to channel amplitude impairments
due to pilot contamination is drawn in [11].

D. Channel Hardening and Non-Reciprocal Channels

Previous works show that CF massive MIMO systems may,
in general, suffer from lack of channel hardening [18]. In this
letter, we assume that UEs only use statistical beamformed
channel knowledge when detecting the received signal because
it is a feasible and practical approach. In contrast to works
assuming a fast-varying NRC model [5]–[8], [12], the analytical
results presented in this letter show that the beamforming gain
uncertainty does not increase under non-reciprocal channel con-
ditions and MRT precoding. Specifically, the gain uncertainty
with a perfect channel estimate is given by

Var(uT
kgdl

k ) =

M∑
m=1

ηmk |Ful
k |

2 |Fdl
k |

2 |Bul
m |

2 |Bdl
m |

2β2
mk (29)

which does not depend on the reciprocity error ratio but on
the product of the transceiver responses. Thus, since UEs
use the expected value of the beamformed channel to detect
the data, NRC effects are captured in that statistical moment
because NRC values vary slowly compared to variations in
the physical channel [13], [15]. Hence, in our system model,
since the level of NRC does not increase the beamforming
gain uncertainty, it does not obstruct channel hardening. On the
contrary, in works assuming fast-varying NRC models [5]–[8],
[12], the beamforming gain uncertainty increases because UE
NRC values are assumed to be different and random between
consecutive coherence intervals, entailing that the beamformed
channel does not harden.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we analyze a system where 100 APs and
20 users are uniformly and independently distributed over
the coverage area of 1 × 1 km2, operating at 1.9 GHz. The
large-scale coefficients βmk are modeled following the 3GPP
LOS/NLOS Urban Micro path-loss model [19]. The basic
evaluation parameters are summarized in Table I.

TABLE I: Basic evaluation parameters

Parameter Value
Number of APs, M 100
Number of users, K 20
UL pilot length, τp 20
Centre frequency, fc 1.9 GHz
Bandwidth 20 MHz
Transmit powers, ρ̄d , ρ̄u 100 mW, 100 mW
Antenna heights, AP, UE 10 m, 1.65 m
RX noise figure 9 dB

For evaluation simplicity and to have reproducible re-
sults, we model the amplitudes of the frequency responses
{Adl

Fk
Aul
Fk

Adl
Bm

Aul
Bm

} as uniform random variables on the range
[1− ε,1+ ε], where ε is chosen to set σ2

A = 0.01. Additionally,
the phases of the frequency responses {θdl

Fk
θul
Fk
θdl
Bm
θul
Bm

} are
uniformly distributed on the range [−π, π), that implies a phase
variance of σ2

θ = (2π)
2/12 rad2, while the actual root mean

squared phase error is controlled by νθAP and νθUE .
To assess and compare the system performance under

different non-reciprocity levels, we use the CDF of the per-user
rate as a metric and specifically the corresponding 5th and 95th
percentiles. One thousand random realizations are considered,
such that for each realization, we generate a set of UE and
APs positions and non-reciprocity realizations, and we apply
(26) to compute the effective SINR.

In Fig. 2, we compare the per-user rate CDFs for different
non-reciprocity sources, such that other sources are deliberately
set to zero. In these evaluations, transceiver frequency responses
in uplink and downlink are uncorrelated when non-reciprocity
is considered, i.e., ν = 0. As can be observed in Fig. 2(a),
the system is only sensitive to phase non-reciprocity at APs,
confirming the insight obtained through the analytical results
already in Section III. Additionally, we observe that the
assumed amount of AP side phase NRC has a significant
impact on both the 5th and 95th percentiles.

For comparison, Fig. 2(b) shows also the corresponding rate
results under fast-varying NRC assumption used in [5]–[8],
[12]. As can be observed, the UE side NRC under the fast-
varying model degrades system performance even more than
the AP side NRC. Additionally, a given amount of AP side
NRC degrades the system performance more under the fast-
varying model compared to the slow-varying one. We can thus
state that the conclusions obtained through the fast-varying
model are largely different compared to the physically-inspired
slow-varying NRC model considered in this letter, and that the
fast-varying models generally overestimate the NRC impacts,
since the drifting in true transceiver hardware is slow.

To further quantify the performance degradation under
phase non-reciprocity at APs, Fig. 3 shows the 5th and 95th
percentiles of the per-user rate CDF for varying level of the
phase non-reciprocity RMSE. We observe that CF massive
MIMO systems tolerate AP side phase errors of up to 15◦
without substantially degrading the performance, however,
above that level, the system performance is critically degraded.

V. CONCLUSION

In this letter, we analyzed the performance of MRT precoding
based CF massive MIMO systems under physically-inspired
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Fig. 2: CDFs of the per-user rate under different non-reciprocity sources, with (a) slow-varying and (b) fast-varying NRC models. When a certain non-reciprocity
source is considered, the others are deliberately set to zero.
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NRC model. Other non-reciprocity sources are assumed ideal.

slow-varying channel non-reciprocity, while also considering
imperfect channel estimation. When the UEs utilize the
statistical beamformed channel knowledge for data decoding,
the obtained analytical and numerical results show that only
the phase NRC at the AP side degrades the performance, while
the UE side NRC does not affect the system performance.
These findings are new and different compared to the existing
NRC analysis results building on fast-varying NRC models,
and indicate that the reciprocity calibration processes can in
practice be optimized to focus on estimating and compensating
for the phase errors at APs. Extending the analysis to other
precoding schemes constitutes an important topic for future
work.
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