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Executive Summary

Channel state information (CSI) is required to perform effective Massive MIMO (MaMi)
communication. It is highly preferred to acquire the CSI based on uplink estimation to reduce
the overhead. Indeed, typically the number of antennas at the base-station is significantly
larger than the number of user terminals. Consequently, a much larger number of channels
can be measured simultaneously in the uplink. When using this uplink-CSl in the pre-coder
for the downlink transmission, the non-reciprocity of transceiver front-ends can impact
system performance and ideally should be compensated for.

In this deliverable, first the problem is analysed in more details as the structure of the
problem reveals potential calibration approaches to resolve the problem. Especially, the fact
that only the transceivers at the base-station should be taken care of is an important feature
of the problem.

Next, the impact of the non-reciprocity is studied for Massive MIMO transmission specifically.
Different precoders and systems loads are considered. The results show that Massive MIMO
communication is less sensitive to non-reciprocity of the transceiver circuits. This can be
understood from the averaging effects resulting from the large number of antennas. Still,
performance degradation is observed and in order to realize high-capacity MaMi, a solution
to compensate (calibrate) for the mismatches should be designed and included in the
system.

Several calibration solutions have been proposed in the state of the art, whereby the transfer
function of the transceiver circuits at the base-station is measured mostly relying on the
usage of a reference transceiver, over-the-air signals, or antenna coupling. These
approaches are extended to the case with a large number of antennas and the performance
is assessed.

Finally, it is concluded that the transceivers non-reciprocity has to be taken care of in order to
enable high performance MaMi. Yet, calibration solutions are known and can be applied also
for the large number of antennas. It is therefore not expected that this effect would hamper
the eventual large-scale deployment of MaMi systems. This is to be further substantiated in
real-life validations.
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Chapter 1 Introduction

Massive MIMO relies on spatial multiplexing, which in turn relies on the base station (BS)
having relatively accurate channel knowledge, both in the uplink and downlink. Uplink
channel knowledge can be acquired in a conventional way with e.g. a known preamble
preceding the uplink payload data. When the number of BS antennas is large, downlink
channel knowledge is preferably extracted from the uplink channel estimation. TDD operation
is then preferred. The key assumption for this method is the so-called channel reciprocity
assumption whereby the uplink and downlink channel matrices are supposed to be the
transpose of each other. Indeed, the electromagnetic radio propagation can safely be
assumed not to exhibit significant non-reciprocal effects in typical environment. However, this
reciprocity assumption is not valid for the radio-frequency (RF) transceivers transfer functions
that are part of the estimated channel responses: the RF transceivers may exhibit amplitude
and phase differences between the up- and downlink. These differences between TX and RX
responses cause multi-user interference (MUI) in the downlink. It is therefore crucial to know
how much MUI due to non-reciprocity is present in the system and, if this MUI is too high, to
minimize the non-reciprocity so as to reduce the level of MUI to acceptable values.

This deliverable is further organized as follows. First, the problem statement and he
mathematical models of non-reciprocal transceivers in the channel state acquisition process
is explained in Chapter 2. Chapter 3 details the results of the impact study of non-reciprocity
on the performance of Massive MIMO systems. In Chapter 4, possible approaches to
estimate and compensate the non-reciprocity of the transceivers are introduced and
discussed. Finally the overall conclusions are formulated in Chapter 5 and the next steps are
mentioned.
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Chapter 2 Problem statement and system model

2.1 Introduction

Massive MIMO is an attractive technique to enhance the capacity of future 5G and beyond
5G cellular networks as described in MAMMOET deliverable [1]. Combined with e.g. OFDM,
Massive MIMO allows to mitigate the frequency selective channel fading (thanks to OFDM)
and increase the spectral efficiency by accommodating many users in the same time-
frequency slots (MU-MISO/MU-MIMO). In the downlink, precoding at the base station (BS)
side allows to pre-compensate the phase and amplitude of the channel responses in such a
manner that all simultaneous users receive their own signal free of multi-user interference
(MU [2]. It is in fact this interference cancellation property that makes MU-MISO possible in
the downlink. Since the users’ mobile stations (MS) have only one antenna (or since they
cannot estimate the information symbols sent to the other users), they have no means to
mitigate the spatial MUI: the MUI must be eliminated by means of the precoding. This
requires a relatively accurate channel knowledge at the BS (transmit side in the downlink):
any inaccuracy in the TX-CSI will result in MUI that cannot be compensated.

There are basically two means to estimate the downlink channel:

e Explicit estimation: the BS transmits known pilots or preambles that each MS receives
and processes to estimate its own Mx1 channel. Each MS feeds back the measured
channel response (with or without compression) to the BS. The number of BS
antennas (M) being very high, explicit estimation is not practical for two reasons:

o each MS must perform M channel estimations
o the overhead of feeding back KxM channel responses would severely reduce
the spectral efficiency of the system

Note that another reason for discarding explicit estimation is that the time elapsed
between channel estimation and channel use is longer, which results in higher
“channel aging” problems in time-varying channel.

¢ Implicit estimation: the BS estimates the channel in the uplink, based on known pilots
or preambles sent by the MS’s. The BS makes the reciprocity assumption and takes
the transpose of the uplink channel matrix. This method has minimal overhead (uplink
channel estimation must be done for uplink traffic) and also does not put any signal
processing burden on the MS. The channel non-reciprocity, however, must be taken
care of.

When the channel is estimated in the uplink, the downlink channel matrix is just the
transpose of the uplink matrix, assuming that the channel is reciprocal. However, the
“‘channel”’ that is measured in the channel estimation phase is actually made up of the
propagation channel (the medium between the antennas), the antennas and the transceiver
RF, IF and baseband circuits at both sides of the link. The transceiver circuits are usually not
reciprocal (the TX and RX frequency responses are different) and this can jeopardise the
performance of the MU-MISO system ( [3] Section 4.7). In short, the channel information that
is fed to the pre-coder is not exactly equal to the downlink channel response and some
degradation can be expected.
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2.2 System model of the transmission including non-reciprocity

We will consider a frequency flat environment. The reasoning that we will follow is also
applicable to frequency selective environments if OFDM is used: in this case, the channel is
flat on every sub-carrier and the model can thus be applied per sub-carrier.

2.2.1 UPLINK

In the uplink, K MS’s transmit simultaneously to a BS using M antennas. Each MS employs
conventional OFDM modulation [2]. The following linear frequency domain model results on
each sub-carrier:

y'=6Y-d" +n (1)

where dY is the column vector of the K frequency domain symbols transmitted by the MS’s in
the uplink, yY is the column vector of the M signals received by the BS antenna branches,
and GY is the composite uplink channel.

Including the transmitter and receiver responses, Y can be expressed as:
GY = REGYTM 2)

where RE and T™ are complex diagonal matrices containing respectively the BS receivers
and MS transmitters frequency responses. The matrix U contains the propagation channel
itself, which is reciprocal. The channel estimated by the BS is U as in (2).

2.2.2 DOWNLINK

For the downlink, user separation is achieved by applying a per sub-carrier precoder W that
pre-equalises the channel. This pre-filtering is contained in the matrix W of the linear model:

y? = G°WPd® +n 3)

where dP is the column vector of the K symbols transmitted by the BS in the downlink, y? is
the column vector of the K signals received by the MS’s, P is a power scaling real diagonal
matrix (that accounts for power allocation if needed, otherwise P =1g) and G” is the
composite downlink channel. G? is also affected by the BS transmitters (T?) and MS
receivers (RM):

GP = RMG°TE (4)

Here again, GP is the propagation part of the downlink channel. That part of the channel is
reciprocal and we have

g =¢gu” (5)

If all transceivers are reciprocal, RE =T2 and RM =TM and it follows that G° = GV”.
However, when non-reciprocity is present, R® # T2 and RM # T™ and it follows that G #
GU". Thisis a problem since implicit channel estimation is preferred: the channel is estimated
in the uplink (6Y) and this estimation is reused in the downlink to compute the downlink
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precoder. Because of the non-reciprocity, the pre-coder will be fed with an estimate of the
channel G2 = V" = TM"GU"RB" = TMGP R® whereas it should use G° = RMGPT?.

The uplink and downlink transmissions are illustrated in Figure 1. In this figure, the BS and
MS transmitter and receiver frequency responses are represented by a complex scalar of the

form tf°"™ or rP°"U. Those scalars are actually the diagonal entries of the diagonal
matrices RZ, T?, RM or TM as follows:

tf o - 0] 'rlB o - 0
0 ... ... 0 .. ..
TB=|: -~ ¢ -~ :|RBE=|: -~ B |
[ 0 OJ
B B
0 0ty | 0 0 ry
M - - M (6)
t1 0 0 1 0 0
0 . 0o - .
™=|: -~ t -~ [[RU=|: ~ ¥ :
| 0 0|
L 0 0 Y] 0 0o ]
tim
Digital TX | Analog/RF
baseband - TX
‘ A ~D ~U
— ..."'*-.. Yem = Imk U
Digital RX |, Analog/RF J "'v..__‘_ Ly
baseband RX Tl Analog/RF |, [ Digtal TX
B “"’s__‘...‘ l_ TX M baseband
e 4
tf s |_> Analog/RF | _ [ Digital RX
Digital TX ][ AnalogiRF o R: baseband
baseband 7 TX I _""up _ av T
e 9kl = G k
_< &«
Digital RX | Analog/RF ‘J
baseband [~ RX

YIB ____________________

Figure 1 — Uplink and downlink transmission, showing the various frequency responses

2.2.3 Precoders including non-reciprocity

We will develop the three linear precoders (MRT, ZF and MMSE) taking non-reciprocity in
the calculation. We will include the power-allocation matrix P for completeness and to show
that it does not impact the non-reciprocity. We will also include the transmit power
normalization so that the total transmit power is not affected by the pre-coder, regardless of
the channel matrix.
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2.2.3.1 Normalization of the precoder

The pre-coding matrix must be multiplied by the normalization factor a where « is the inverse
of the Frobenius norm of the precoder matrix

=1/l =1/ (7

This normalization factor must be compensated for at the receive side to yield an estimate of
the transmitted symbols:

o1 1
dP = - (aG°WPdP +n) = GPWPdP + on (8)

2.2.3.2 MRT pre-coder with non-reciprocity
The MRT pre-coder is given by:

Wy = (TMGPRE)" = RE'GP 7" 9)

1

a = — 10
MET = W omer T (10)

The MRT transmission model then reads:

aD = GDWMRTPdD + n
AMRT (11)
d° = RMGPT? - RB*GP'T™" . PdP + n
AMRT
2.2.3.3  ZF pre-coder with non-reciprocity
The ZF pre-coder is given by:
Wy = (TMGPRE) ™ = RET'GP M ™! (12)
! (13)
Qzp = 70—
W gelle
The ZF transmission model then reads:
~ 1
dD = GDWZFPdD +a_n
ZF (14)

R N ey 1
dl = RMGPTB - RET'GPT'TM . pdP 4+ —n
Azp
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2.2.3.4 MMSE pre-coder with non-reciprocity
The MMSE pre-coder is given by:

Wonss = (TMGORD)" (TMGORE - (TMEPR)" + 021, (15)

1

AMMSE = Ty 1
W pmsellF

(16)
The MMSE transmission model then reads:

aD = GDWMMSEPdD +

n
XMMSE (17)

~ ~ * ~ ~ * o~ - - -1 —
dP = RMGPTB - RE*GP" (GDRBRB ¢P 4 gerMiTM ”) ™ . pdP + 1 _p

XMMSE

2.2.4 Multi-user Interference due to non-reciprocity

The linear models (11),(14) and (17) presented in section 2.2.3 lead to several interpretations
and highlight the origin of the degradation (MUI and other):

o Degradation:

o MRT: equation (11) shows that, because of the product T2 - RB", the matched
transmission is not ideal. Since ideal MRT is not interference free, there will be
the natural MRT MUI and possibly some additional MUI due to non-reciprocity.
There will also be a degradation of the SNR since the exact matched filter is
not used.

o ZF: equation (14) shows that the effect of the ZF precoder is altered by the

two diagonal matrices (T? - R®™") appearing in (14) between GP and GP .

The product TE - RE™" is generally not equal to the identity matrix nor to a
scaled identity matrix, although this product is diagonal. Introducing a diagonal

matrix in the middle of the product GPGP " will “break” the attempted matrix
inversion and cause a non-diagonal result, explaining the appearance of MUI.
o MMSE: equation (17) shows two facts: first, the “matched filter part” of the
MMSE precoder is not perfect (same as for the MRT precoder); second, the
“‘whitening filter part” of the MMSE precoder is not perfectly matched to the
channel (it only contains R® whereas the effective channel also contains T&.

e Interestingly, for all three precoders, the terminal non-reciprocity (captured by R™ and
T) is not responsible for MUI. It will only scale the symbols individually; this effect
can be simply compensated by an appropriate scaling at the terminal side. This will
typically be part of the terminal equalization process.

e Similarly, the power allocation (P) does not contribute to MUI.

e The propagation matrix G° = ¢U" in this model also includes the parts of the BS or
MS’s that are common to uplink and downlink, hence reciprocal. This is the case for

the antennas (including antenna coupling) and for common components inserted
between the antenna and the TX/RX switch.

2.2.5 Information required for non-reciprocity mitigation

We have already shown in the previous section that the terminal non-reciprocity does not
introduce MUI and can easily be accounted for in the terminal equalization process.
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Hence, only the BS hardware requires attention. By carefully observing the system models
(11), (14) and (17), we see that, if the ratios of the TX and RX response is known for all BS
antennas, then this ratio can be incorporated into the uplink channel estimation to

compensate the non-reciprocity. This ratio can be expressed in matrix form as RE™"TE. If we

post-multiply the estimated downlink channel matrix (G° = EUT) with this compensation, we
obtain:

GDmp = G°RE™'TB = TMGPRE - RE™'TP = TMGPT? (18)

Basically, this boils down to cancelling the effect of the BS receivers and introducing the
effect of the BS transmitter. The effect of this compensation on the three precoders is as
follows (note that the normalization factors (a) are slightly different from those in Section
2.2.3 since the precoders are based on the compensated channel matrix):

dP = RMGPTE - T8 G2 T . PdP + ——n (19)
OMRT
_ _ VPR _ 1
dP = RMGPTE -T2 'GP '™ ' . PdP + azpn = RMTM ' - pdP + —n (20)
ZF
—~ ~ o~ ~ o~ _ _g\—1 _
d® = RMGPT? - T2°6"" (€°TP12°6"" + 2T 'V ™") T paP + n (21)
OMMSE

The three precoders are now mathematically perfect in the sense that the channel used for
the precoder is identical to the downlink channel (both of them equal to G°T?) except for the
terminal transceiver responses (RM and TM).

A final remark is that the ratios of the TX and RX responses need to be known up to a
common complex scaling factor only since a common complex scaling factor will not
introduce MUI and can be equalized easily at the terminal side. This can be useful is some
calibration procedures where a common but unknown factor (e.g. a signal, an attenuation, ...)
is used in the calibration.

2.2.6 Post equalization SINR

The post equalization signal to interference and noise ratio (SINR) can be computed as
follows. We will assume uniform power allocation (P = I). First, we collapse the product of
the channel and precoder matrices into a single matrix A for compactness, yielding the
following general form for the three precoders (note that 4 is square):

~ 1
dD = AdD + En (22)

Then, the post-equalization SINR of the k™ terminal is easily shown to be:

o2 [diag(4) - diag(A”)]kk

SNIR,, = — —
§ oZ[diag(4) - diag(AH)]kk + 02/a?

(23)
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where ¢2 is the variance of the transmitted symbols (usually equal to 1) and 2 is the
variance of the receiver AWGN component; diag(4) is a diagonal matrix containing only the
principal diagonal of A; diag(A4) is equal to A — diag(A) i.e. it is equal to A except for the
principal diagonal of A that is set to O; [.]x, represents the k™ element of the principal
diagonal of a matrix.

Equation (23) is very useful since it allows to compute easily the post-equalization SINR with
or without reciprocity.
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Chapter 3 Impact analysis

3.1 Introduction

The non-reciprocity induced by the analog/RF transceivers is known to severely degrade
conventional MU-MIMO systems ( [3] Section 4.7). These systems operate usually at or near
full system load and/or exploit high order constellations, which explains their high sensitivity
to non-reciprocity.

Massive MIMO systems usually do not operate at high system load and are often used with
moderate order constellations (e.g. QPSK or 16QAM). Therefore, it is necessary to estimate
the impact of non-reciprocity on massive MIMO systems, given their typical operating
conditions.

The SINR equation (23) derived in the previous section will be used for this purpose. We will
use it to determine the sensitivity of the three linear pre-coders to different levels of non-
reciprocity.

3.2 Assumptions for the impact assessment of non-reciprocity

We will consider a system with the parameters given in Table 1.

Table 1 — Parameters for assessment of the impact of non-reciprocity

Parameter Symbol | Value

# BS antennas | M 100

# users K 5, 10, 20, 50

SNR - -20:0.5:20

Non-reciprocity | - -5, -10, -15, -25, -30

Channel type - Rayleigh, flat fading (SINR calculation)
Rayleigh, multipath (SNR degradation)

The number of BS antennas (100) is typical of a massive MIMO system. The number of
users (5, 10, 20 and 50) covers the scenarios of low system load (5% and10%), medium
system load (20%) and high system load (50%).

The amount of reciprocity is defined as follows: for a given uplink channel coefficient g2,
between the m" antenna of the BS and the k™ user, non-reciprocity is modelled as a
multiplicative error affecting the uplink channel coefficient g¥, used by the precoder:

grlr]lk = (1 + Er,m)gllf_)m (24)
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In matrix form, this can be expressed as follows:
GY =, +E)G? (25)

where E, is a diagonal matrix with i.i.d. Gaussian entries €, ,,~CN(0,07). The amount of
non-reciprocity is conveniently expressed in decibels as 20 - log(a;.).

3.3 SINRn flat fading channels

In this section, we will compute the theoretical SINR in flat fading channels based on formula
(23).

3.3.1 SINR with reciprocal transceivers

With reciprocal transceivers, the SINR is affected by the multi-user interference and the
noise variance. The SINR results are plotted in Figure 2 for the four different system loads.
The horizontal axis shows the SNR that represents the ratio of the received energy over the
receiver noise without interference from other users. The vertical axis represents the SINR
that includes the interference from other users. We can draw some generic conclusions from
those curves. We will assume that an SINR of 10 to 20dB is targeted, which is adequate to
support modulation and coding schemes from QPSK rate 1/2 to 16QAM rate 3/4
approximately (see for example [4] and [5]).

e The MRT scheme should not be used beyond a load of 10%. At 10% load, the SINR
hardly achieves 10dB, even when the receiver noise power tends to 0. This tends to
show that only QPSK with good channel coding can be exploited at 10% load.

e The MMSE scheme as such (with the goal of trading of MUI vs receiver noise) is not
beneficial (it has almost no effect on system load of 5, 10 and 20%) or not exploitable
(it has a more visible effect at 50% system load but in a range of SNR/SINR that is
too low (below 10dB). The MMSE could still be desired for regularization purposes
but it will have a negligible impact on the SINR at the considered SINR ranges.

e From the curves at 50% load, we observe the “canonical” behaviour, namely that the
MMSE converges to the MRT at very low SNR and to the ZF at high SNR, which
gives confidence in the SNR and SINR assessment.

e The ZF scheme is the precoder of choice for a wide range of system loads, from 10+
to 50%. The SINR is good enough to support 16QAM with coding rate 3/4
(3bits/s/Hz).
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Figure 2 — SINR with reciprocal transceivers. A useful range of SNR and SINR is highlighted.
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Non-reciprocity has very little impact on MRT precoding, for all system loads. A degradation
of only 1dB is observed for a non-reciprocity of -5dB, which is a very high non-reciprocity.
Again, as mentioned in Section 3.3.1, the MRT scheme is only suitable for low system loads
(10% at most).
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Figure 3 — SINR for non-reciprocal transceivers, MRT pre-coding

ZF and MMSE

The impact of non-reciprocity is shown for MMSE in Figure 4. The impact on ZF is very
similar and is not shown. For the targeted SNR and SINR between 10 and 20dB, ZF and
MMSE can be used. Here, the sensitivity to non-reciprocity is load dependent. To avoid a
degradation higher than 1dB, the following levels of non-reciprocity should be:

e at5 or 10% system load, the non-reciprocity should not exceed -15dB
e at 20% system load, the non-reciprocity should not exceed -20dB
o at 50% system load, the non-reciprocity should not exceed -25dB

These trends are not surprising. Whenever non-idealities are introduced in a massive MIMO
system, the acceptable amount of non-ideality must be specified for a given system load to
be meaningful.
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Figure 4 - SINR for non-reciprocal transceivers, MMSE pre-coding

3.3.3 SNR degradation in frequency selective channels

The results from the previous section are valid for frequency flat channels. We can expect
similar results in frequency selective channels if the same channel coefficient distribution is
valid per-subcarrier. This applies to e.g. multipath with Rayleigh fading per tap were OFDM
results in a flat Rayleigh fading per sub-carrier. It has to be noted that the channel
measurement campaigns in the frame of WP1 of MAMMOET have indicated that these
theoretical models are not fully representative for reality. An update of the results will
consider the new massive MIMO channel models (in WP4).

In addition, OFDM uses channel coding to mitigate the effect of deep fades in the frequency
response that would otherwise limit severely the BER/PER performance. Assessing
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analytically the SNR degradation or the equivalent SINR is hard for coded OFDM. We
therefore use coded BER simulations to assess the SNR degradation due to non-reciprocity.

Figure 5 shows the BER for OFDM MRT in frequency selective channels with 100 antennas
at the BS and 10 users in the ideal case (reciprocal channels) and with non-reciprocity
values of -5, 10, -15 and -20 dB. Note that the horizontal axis is not calibrated in the same
way as in Section 3.3.2 but we are here only concerned about relative values (degradation
with respect to the ideal case). We observe in Figure 5 that coded OFDM with MRT is not
very sensitive to non-reciprocity and that, in this scenario, a non-reciprocity of -10dB would
only degrade the performance by less than 1 dB, which is in line with our conclusions from
Section 3.3.2.

o BER-MaMi, 100 x 10, QPSK, LDPC 3/4, OFDM-MRT

10

=—©0— Recipr: -Inf dB
—— Recipr: -20 dB
:-15dB
:-10dB
:-5dB

T,

IR

BER

.17 -16  -15  -14  -13  -12 11 -10
SNR (dB)

Figure 5 — BER for OFDM-MRT with non-reciprocity

Figure 6 shows the BER for coded OFDM ZF in frequency selective channels with 100
antennas at the BS and 25 users in the ideal case (reciprocal channels) and with non-
reciprocity values of -5, 10, -15 and -20 dB. From this figure, a non-reciprocity of -15dB is
acceptable since it causes a degradation smaller than 1dB. This could be compared to the
results in Figure 4: for 16QAM with code rate 1/2, an SNR of 15dB is normally required. We
can check in Figure 4 (20 users) that, at an SNR of 15dB, a non-reciprocity of -15dB causes
an SINR degradation smaller than 1dB.
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o BER-MaMi 100 x 25, 16-QAM, LDPC 1/2, OFDM-ZF
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Figure 6 — BER for OFDM-ZF MRT with non-reciprocity
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Chapter 4 Solution approaches

In this chapter, we review state-of-the-art methods for reciprocity calibration. Reciprocity
calibration is covered to some degree in the literature. The three most prevalent approaches
for reciprocity calibration in pre-coded MIMO systems are:

e Over-the-air (OTA) calibration, which requires cooperation from the MS but also
enables to calibrate the terminal non-reciprocity;

e Calibration of the BS with extra hardware, where typically a reference transceiver is
used to calibrate all other BS transceivers;

e Calibration of the BS without extra hardware, where typically coupling between the
antenna elements is exploited for the BS reciprocity calibration.

As detailed in Section 2.2.5, the reciprocity calibration consist in estimating the diagonal
matrix RE™'TE for the BS (and, if needed, the diagonal matrix R 'TM for the MS) and to
left multiply the channel matrix estimated in the uplink (G = EUT):

GBmp = G°R®™'T® = TMGPR® - R~ T? = TMG T” (26)

The whole purpose of the reciprocity calibration is thus to estimate the diagonal matrix

RB™'TB. We will refer to this matrix as C® = RB~'T? for the BS and € = RM'T™ for the
MS.

In the coming sections, we first describe the three calibration methods mentioned above and
also the necessary algorithms to extract the desired calibration coefficients from the
measurements. A section on the stability of the calibration over time follows. The chapter
ends with a discussion on the feasibility of the different methods and on some additional
technical considerations that are needed when selecting a reciprocity calibration method.

4.1 Over-the-air reciprocity calibration

OTA calibration involves channel estimation in both the downlink and uplink and collecting
these two-way channel estimations at the pre-coder side, which is the BS in massive MIMO.
The steps are typically as follows:

1. The BS sends a sounding signal (preamble or pilots) to the MS.

2. The MS estimates the downlink channel G based on the received sounding signal.

3. The MS sends an uplink packet, with a sounding signal and with the estimated

downlink channel G° encoded in the data portion of the packet.

The BS estimates the uplink channel GV based on the received sounding signal.

The BS, with the knowledge of G and GY, can estimate the non-reciprocity

calibration matrices €2 and €™ for both the BS and the MS.

6. The BS sends a downlink packet to the MS with the calibration matrix € in the data
portion of the packet.

SN

At the end of this procedure, both entities (BS and MS) know their own calibration
coefficients and are thus able to apply precoding algorithms based on channel estimated
during the most recent packet reception.
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OTA calibration using such a procedure has been standardized in the IEEE 802.11n
standard ( [6] Section 9.29 and 20.3.12-13, [7]). This standard describes the sounding
signals that must be transmitted but it does not, however, provide details on how to compute
the calibration matrices €® and €Y from the knowledge of G° and GY, since this is
implementation dependent.

It is possible to recover € and €M as follows. Because of the properties of the (unknown)
calibration matrices, we have the following equality (note that €2 and €Y are diagonal
matrices so they are equal to their own transpose):

GUTcB = cMEP (27)

This is an implicit equation with two unknown matrices so it cannot be solved in closed-form.
The algorithm shown in Figure 7 can be used to iteratively estimate C® and €Y. The
algorithm starts with identity matrices as initial values for €8 and CM. Then it alternates
between solving for €5, assuming €M is correct, and solving for €, assuming C? is correct.
When equation (27) is verified up to a small error € the algorithm stops. Given the structure
of the problem and the fact that the calibration values never tend to extreme values (zero or
infinity), the algorithm always converges in a few iterations, typically less than 10 iterations.
Note that this is, at each iteration a least square solution to find the diagonal elements of €2
and cM.

Initialize
ct =1y,
cM =1,

T —
Repeat until |GU (R CMGD| <e€

a=g¢""

B = CMGP

[CBlom = Aem) " Bemy/(Acmy) Agmy) » form=1-+M

A=G"

B=g""c?

[CMTike = BeyAen” /(A yAey™)  for k=1-K
End

Figure 7 — Algorithm for OTA. Estimation of €3 and ¢™.*

OTA reciprocity calibration has also been extensively studied in [8] in which a similar problem
is solved. The authors also use an alternating iterative solution but exploit a total least square
minimization, which improves slightly the solution when the known values (in this case G”
and GY) are noisy because they are estimated values.

! We use here the Matlab notation to designate parts of matrices: A(.,,) means the m™ column of A
and A, means the k" row of 4.
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It should be noted that this OTA calibration does not need to be performed as often as the
channel estimation itself: the calibration values are known to be varying relatively slowly and
certainly much slower than the channel coefficients.

4.2 Reciprocity calibration of the BS with a reference front-end

Several authors ( [9], [10], [11]) have proposed to use additional hardware to calibrate the
ratio of the frequency responses (€? and €") of the BS transceivers. The underlying idea is
to use an additional source/sink that does not need to be known accurately since it will
appear as a scaling in the estimation of €& and ¢cM.

The extra hardware usually consists of a complete transceiver that is used for calibration
purposes only. This additional transceiver can be coupled to all the BS transceivers via
directional couplers [12] as in Figure 8 or via switches [9] as in Figure 9.

The calibration is done in two steps:

e Step 1: a known sounding signal is generated sequentially by all M transmitters and
received by the reference receiver. This yields, after removal of the sounding signal,
the measurement of the following transfer function in antenna m:

tim= rrefﬁmtgl (28)

where 3, captures the (unknown) transfer function in the calibration path.

e Step 2: a known sounding signal is generated in the reference transmitter and
received by all M receiver antenna branches simultaneously or sequentially. This
yields, after removal of the sounding signal, the measurement of the following
transfer function in antenna m:

tom = Trgﬂmtref (29)

Both steps leading to ¢, ,, and t,,, can of course be repeated and averaged to reduce the
variance of the error in the measurement process. Finally, the first measurement is divided
by the second measurement, yielding the desired calibration factor (c2 = t5 /nE):

t T ts r, tE
1m _ refﬁm m _ Tref ‘m _ 'ref CTB;’L (30)

tZ,m Trgﬂm tref tref rrﬁ tref

In this expression, the term t2 /rB is the desired calibration factor (ratio of transmitter
frequency response over receiver frequency response) while the term 7, /t,.; comes from
the unknown frequency response of the reference transceiver. However, since all calibration
factors are multiplied by the same unknown term, this will not introduce MUI.
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Figure 8 — Additional transceiver connected with directional couplers (from [9])
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Figure 9 - Additional transceiver connected with switches and attenuators (from [9])

Both methods (directional couplers or switches) have their own merits and disadvantages:

e Connection with directional couplers
o Pros:
= The connection with directional couplers is less lossy. Indeed, a
directional coupler has a fairly low insertion loss (typically a few tenths
of a dB) in the signal path to the antenna.
= A single attenuator (not shown in Figure 8) can be added in the
common path to adjust the signal level during the calibration.
= The coupling coefficient and the combiner/splitter losses need not be
matched with high accuracy since they will cancel in the calibration.
o Cons:
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= The splitter/combiner needs M ports which is quite large for massive
MIMO and can result in high insertion loss (theoretical loss:
10-logy (M) (dB))
= The solution does not scale easily for arbitrary scaling factor (adding
e.g. one BS antenna means a totally different coupler/combiner must
be used).
e Connection with switches
o Pros:
= This solution scales easily (adding one BS antenna is easy) although
the large amount of switches and connections can be a hurdle.
= A single attenuator (as shown in Figure 9) can be added in the
common path to adjust the signal level during the calibration.
o Cons:
= The connection with switches is more lossy. According to the carrier
frequency, a loss of 1 to 2dB in an RF switch is possible.
= Impedance matching of the whole switching network may be a
significant challenge due to the large number of open connections.

For both methods, one transceiver is devoted only to calibration and not used for real
transmission. Given the large number of transceivers in massive MIMO, this is not a serious
problem. Since the transmitters transmit sequentially to the reference receivers, it is
important that all transceivers, including the reference transceivers are locked to the same
crystal. Otherwise, random phase errors would appear in the measurements of the BS
transmitters (step 1 above).

This method has been successfully implemented in a conventional MIMO system in the
downlink of an OFDM-SDMA system in a WLAN context [12].

4.3 Reciprocity calibration exploiting antenna coupling
4.3.1 Description of the method

This method is similar to the method detailed in Section 4.2 except that it does not use a
“wired” link between the reference transceiver and the transceivers to be measured. Rather,
it uses the “natural” antenna coupling as a link [13], [14] [15]. This has two advantages: first,
no extra hardware (one reference transceiver, one programmable attenuator and the
couplers/splitter-combiner or switches) is needed; second, all transceiver can sequentially be
used as reference transceiver for the other M — 1 transceivers, which can provide an
enhanced accuracy in the calibration process. Indeed, this provides measurements whereas
the method in Section 4.2 provides M measurements.

To develop this method we need to introduce the “channels” h,,; and h;,, between antennas
m and [ (see illustration in Figure 10):

him = TlBﬁlmtrl?l (31)
hm = rr)rglrlmltf?

h;n, refers to the channel from transmitter m to receiver [ and h,,; refers to the channel from
transmitter [ to receiver m. The pure propagation part is reciprocal: h,,; = hyy, in (31). This
can also be put in a compact matrix form:
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H = RBHT? (32)
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Figure 10 — Base station with inter-antenna coupling

When transmitting from antenna m to [ (respectively [ to m) the received signal is:

— BT B
Yim =1 hlmtmd + Mim

B B (33)
Ymi = Tmhmity d + Ny
This can be rewritten as:
- tB
Yim = rIBTrghlmr_Bd + Ny = ﬁlmcrl?ld + Ny,
" (34)
P b d + My = BmcPd +
Ymi T Tmimi T'B Nt .Blmcl Nmi
l

where B, = B = 218 by In this pair of equations, d is known, y,,, and y,,, are measured
(hence known), B, is unknown and cZ and c? are the two parameters that we wish to

estimate. As such, since there are two equations and three unknowns, this system of two
equations cannot be solved independently.

4.3.2 Least-squares solution (direct path)

If we take one antenna as a reference (without loss of generality antenna 1), we end up with
the set of 2(M — 1) equations and measurements:
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Vim = ﬁlmCrB;ld + Ny,

i (35)
Ym1 = Bim€’d + Ny
Forming the following ratios and assuming that the measurement noise (n,,, and n,,;) is
negligible or can be averaged out

Yim _ BimChd + Ny - ﬁ (36)
Ymi1 ﬁ1mcfd + Ny Cf

we can directly find the desired values
B =cf== (37)

The values of c2 are all scaled by the unknown value c? that does not affect the reciprocity
as long as this value is bounded.

This solution can be shown to be an LS solution of the set of 2(M — 1) equations (35). It is
also very similar to the calibration method using a reference front-end (Section 4.2), the only
difference being here that the reference front-end (here transceiver 1) is coupled to the other
transceivers through the coupling between antennas.

4.3.3 Least-squares solution (generalized)

The direct path approach (Section 4.3.2) suffers from unbounded second moment [14]. A
better approach to solve for all c2 is to exploit all possible M(M —1)/2 pairs of
measurements as follows. If the observations in (34) were noiseless, we would have the

property
ClBylm - Cﬁlyml =0 (38)

Hence, a sensible approach is to define the following least-squares (LS) objective function
[16]

2
Jear(e8 B, es 68 = Jear(€®) = " [cBYim = chymil
m,l

m=#l

(39)

This cost function can be minimized in either of two ways.

e Solution 1: since (38) is equal to 0 for the trivial solution ¢ = 0, which is not a
desirable solution, we also impose the constraint |c5|? = 1. To solve this constrained
LS minimization, we define the Lagrangian

Fcal(CB:/l) =]cal(cB) - /1(|CB|2 -1 (40)

Differentiating F,,; (B, 1) with respect to c2 “and setting the partial derivatives to 0, we
get after some elementary manipulations:
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TFcal(cB'/l) = Z Cﬁll)’mllz - ClBYImle* - Acrlr?l (41)
dcy, Y
l=m
This can be put in matrix form:
AcB = AcB (42)
with
_(lyml?  for m=1
[A]ml - {_ylmyml* for m#1 (43)

The constrained LS solution ¢ is a unit-norm eigenvector associated to the smallest
eigenvalue of A. In fact, this yields the direction in the domain C¥ of J.,(c®) with
slowest growth, such that the value of J.,;(c®) is minimized at the intersection of the
unit circle |c?|? = 1 and the eigenspace of A.

e Solution 2: to minimize the LS problem, we compute the partial derivatives of the
objective function J.,;(c?) and set them equal to zero, which yields:

AcB =0 (44)

with A defined as in (43). To avoid the trivial solution ¢ = 0, we impose without loss
of generality ¢ = 1. We can then rewrite (44) as in [16]

1
[A(:,l) A(:,Z:M)] [CB ] =0 (45)
(2:m)

and the LS solution is then:

1
c? = [ -1 ] 46
—(Ac2m Ac2m) Az A (46)

It can be shown that solution 1 (the eigenvector of A corresponding to the smallest
eigenvalue) and solution 2 (46) return the same solution for ¢ up to a complex scaling
factor.

4.3.4 Refinements of the LS solution
The LS objective function also allows introducing refinements in how the different pairs of
measurements are used in J.4;(c?) (39).

o Weighted LS: If some knowledge is available about the quality of a given pair of
measurement (for example gain differences due to longer or smaller distance
between pairs of antenna elements), this knowledge can be introduced in the
objective function to obtain a weighted LS objective function:

2
]cal(CB) = Z le|CFYZm - CTB;lymll (47)
m,l

m=l
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where y,,; is a weighting factor € [0,1], 1 indicating highest confidence and 0
indicating no confidence. The weighting factor y,,; must of course be taken into
account to derive the LS solution as in Section 4.3.2. Example where the weighted LS
is useful is when there are significant distance differences between antenna pairs or
in the case of conformal antennas where some antenna pairs have a weak coupling
due to the array topology.

e Selection-LS: only a subset of the M(M — 1)/2 pairs of measurements is taken in the
LS objective function. Typically, the closest pairs (Neighbour-LS in [14]) or the pairs
exhibiting the better coupling are selected. The summation in the objective function
(39) then only goes over the set of selected pairs. Note that Selection-LS can be
interpreted as weighted LS where selected pairs are given a weight of 1 and
discarded pairs are given weight of 0.

435 Performance

The reciprocity calibration with antenna coupling and the LS solution has been evaluated in
[13], [14]. It is reported here again for completeness.

We simulated reciprocity calibration for the case of a 5x20 planar patch array. We used the
antenna coupling loss model described in [14] and set the variance of the channel Rayleigh
component to -50dB referred to the actual channel coefficient variance. One of the centre
antenna elements of the array was defined as the reference. For the general case, modelling
the statistics of RF chains responses is a hard task, thus we follow the same approach as
[17], where both transmitter and receiver (i.e., t2 and r2) have uniformly distributed phase
within [—2m, 2[ and uniformly distributed magnitude between [1 —¢,1 + €] with € such that

VE{(It2]| - 1)2} = JE{(IrE| — 1)2} = 0.1. We focus on the distinct cases of neighbour
antennas and furthest away antennas from the reference one. The latter are positioned at the
array edges where coupling to the reference is practically null, thus being the hardest
calibration case. Results for others antennas should, in principle, fall within these bounds.
For all approaches, we choose to normalize all results with respect to the (calibration) signal-
to-noise ratio SNR¢; of the neighbour antenna channel. With this normalization it is
straightforward to see how different calibration methods “close the gap” between the best
and worst calibration scenarios.

At low SNR¢, values, Figure 11 shows that the direct-path based estimator (Section 4.3.2)
does not possess finite second moment, i.e., the simulated MSE does not converge as the
number of simulation runs increases. As for the generalized estimators (Section 4.3.3), the
generalized LS estimator shows the worst performance at low SNR¢,. This is justified by the
weak received signals being equally weighted in the cost function. The weighted LS
estimator compensates for this, but has worse performance at high SNRcy (by a small
margin) since weights are not optimized in an MSE sense. Overall, the neighbour LS scheme
works fairly well.
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Figure 11 - Mean squared error (MSE) of the calibration coefficients computed for the neighbour and
furthest antenna from the reference (from [13]).

4.4 Stability of the reciprocity calibration

The stability of the reciprocity calibration has been investigated among others in [15] and
[18].

In [15], a plot of the amplitude and phase deviations over time shows that, after calibration,
the average phase deviation is less than 2.6% (maximum 6.7%) and the average amplitude
deviation is less than 0.7% (maximum 1.4%), over a period of 4 hours. Notably, these
measurements were taken during the day with normal movement around the base station,
indicating the calibration procedure is stable in real-world environments. The angle deviation
is expressed in percent with respect to 180° i.e. 2.6% phase error is equivalent to 4.7°. This
indicates that the calibration scheme can be performed very infrequently, i.e., once a day,
and thus has negligible performance overhead. The method used in [15] corresponds to the
method with antenna coupling (Section 4.3) and the direct path LS solution (Section 4.3.2).

The authors in [18] indirectly checked the stability requirement of the reciprocity calibration
by measuring the stability of a transmit-receive link using transceivers of a Massive MIMO
testbed as follows; the signal from a transmitter was split in 4 and input to four different
receivers. Observation of the phase of the received signal in the four receivers (Figure 13)
gives an indication of the stability of such links, hence of the reciprocity calibration. The
deviation at the start of the recording is due to the warming up of the transmitters and
receivers. After warm up, the phase drifts is limited to only a few degrees.

These measurement show that the reciprocity calibration can be performed very un-
frequently e.g. every hour or even every few hours. It is well important to allow for a warm up
period of 15 to 30 minutes before performing the reciprocity calibration. This also suggests
that the reciprocity calibration might be sensitive to temperature variations (day-night
differences, exposition to the sun, ...) and that this may need some consideration in the
planning of the reciprocity calibration phase.

MAMMOET D2.4 Page 31



D2.4 - Analysis of non-reciprocity impact and possible solutions

7 i f : r

— Angle

6| —— Magnitude | SRR A g

w

)
S~
Sl \\{
c
o
S
T
>
[}
()]

0 1 1 1 1
0 50 100 150 200 250

Time (Minutes)
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Figure 13 — Stability of a transmit-receive link using transceivers of a massive MIMO testbed
(from [18])
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4.5 Discussion on the feasibility of the proposed approaches
45.1 Over-the-air versus local calibration

Over-the-air calibration provides reciprocity calibration at both the BS and MS sides. In
Massive MIMO systems, the precoding is typically only applied at the BS. Hence, the
reciprocity calibration is only needed at the BS.

Over-the-air calibration is not the preferred option for the MAMMOET scenarios because:

¢ MAMMOET considers single-antenna terminals for which reciprocity calibration at the
terminal side is not needed;

e OTA calibration requires more time to carry out since several UL and DL sounding
and data packets must be exchanged,;

e OTA requires more overhead in general.

It follows that local reciprocity at the BS, without intervention of the MS, is preferred. In this
case, either the reference transceiver method or the antenna coupling method can be used.
The choice between the two methods is the result of a trade-off since both methods have
advantages and disadvantages.

45.2 Method with areference transceiver:

o The overhead of one transceiver is marginal in a massive MIMO context since tens to
hundreds of transmitters are used;

e The coupling hardware (splitters/combiner/couplers or switches) is a significant
overhead since it must accommodate a large number of antennas. The scaling is an
issue since adding antennas is not easy especially for the splitter/combiner/coupler
configuration. For the switch configuration, the impedance matching on the node
where tens or hundreds of switches are connected can be an issue.

o The method with a reference transceiver has a better control of the dynamic range
since an (single) attenuator can be added to adapt to the PA power and /or receiver
sensitivity level.

e It works equally well with any antenna of the array, irrespective of its location in the
array.

4.5.3 Method with antenna coupling:

e There is virtually no hardware overhead for the calibration

e A rough idea of the coupling levels must be known for the weighted LS (although this
can in principle be extracted from the magnitudes of the signals measured during the
calibration).

e Knowledge of the antenna topology is needed to know which antenna pairs should be
excluded from the LS solution computation.

e This method does not have a good control of the dynamic range.

e Since M(M — 1) measurements are available, this method should be more accurate
than the method with a reference transceiver that takes only M measurements.

e This method can be sensitive to nearby reflectors that could create echoes in the
receiving antennas of magnitude similar to the magnitude of the coupled signal but
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with some delay due to the two-way time-of-flight of the signal. This could create dips
in the measured frequency responses leading to severe inaccuracies.

45.4 Calibration of distributed arrays

For distributed arrays, the calibration can be done locally or globally:

o Locally: each sub-array calibrates itself with one of the methods describes earlier
(e.g. through antenna coupling); this is the most straightforward way.

e Globally: the sub-arrays calibrate locally and also calibrate each other. The dynamic
range of the received signals must be sufficient for such global calibration. The sub-
arrays must also be perfectly synchronized for such global calibration but this is also
a requirement for the precoding itself hence it is not an issue.

455 Impact of AGC and PA power levels

If the receiver employs an AGC that can be set dynamically to different gain levels (per
antenna), these gain settings must not affect the reciprocity calibration. It might therefore be
needed to execute the reciprocity calibration for all possible levels of receiver gain settings. If
there are Nagc gain levels, this would multiply the number of measurements by the same
amount since all receive antenna can switch the gain setting simultaneously. The same
reasoning applies for the transmitter if Np4 power amplifier settings are possible and must be
calibrated. In total, this would increase the number of measurements and of calibration
coefficients by (Nagc + Npa + 1).

A point of concern is related to the method with antenna coupling and the AGC and PA
settings: it is not obvious that the coupling between antennas will allow all possible AGC
settings (if for example the received signal is too weak or too strong) or all PA settings. This
requires a specific analysis where the complete transmitter, receiver and antenna array have
an impact.
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Chapter 5 Conclusions

This deliverable covered in details the impact of non-reciprocity in Massive MIMO systems
and how the non-reciprocity can be estimated and compensated.

After a section on the problem statement and system model of non-reciprocity, the impact
section showed that

1. Non-reciprocity is only a problem for the BS

2. As for other non-idealities, non-reciprocity requirements are not severe for massive
MIMO and depend on the system load, the precoding method and the targeted EVM
(through the modulation and coding scheme choice).

Different methods were considered for the calibration. Over-the-air calibration, calibrating the
MSs and the BS, does not seem attractive for Massive MIMO, certainly for single antenna
MS. The scheme with a reference transceiver is attractive for its fine control capability of the
dynamic range during the calibration but requires a non-negligible hardware for coupling the
reference transceiver to the to-be-calibrated antennas. On the other hand, the scheme
exploiting the natural coupling between antennas does not require any additional hardware
but requires careful attention to cope with the measurement dynamic range.

We also pointed out that calibrating all AGC and PA operating points might be needed and
that this may turn out to be a challenge for the method with natural antenna coupling.

In summary, the reciprocity calibration must be planned at system level when designing the
BS hardware including the antenna array for the method with natural coupling.

As further steps, first of all the findings of this study will be further taken into account in the
MAMMOET project. Next, Massive MIMO channel models including the newly observed
features during the measurement campaign, will be included in the link level simulator. The
state of the art will be further monitored and potential relevant new ideas will be investigated.
Last but not least, the validation of the proposed calibration solutions will be considered.
These aspects will be addressed in WP4.
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Chapter 6 List of Abbreviations
BER Bit Error Rate

BS Base Station

CsSl Channel State Information

LS Least Squares

MaMi Massive MIMO

MIMO Multi-input, Multi-output

MISO Multi-input, Single-output

MMSE Minimum Mean Square Error
MRT Maximum Ratio Transmission

MS Mobile Station

MUI Multi-user Interference

OFDM Orthogonal Frequency-division Multiplex
OTA Over-the-Air

QAM Quadrature Amplitude Modulation
QPSK Quadrature Phase-Shift Keying
RF Radio Frequency

SDMA Space-Division Multiple Access
SINR Signal-to-interference-plus-noise Ratio
SISO Single-input, Single-output

SNR Signal-to-noise Ratio

TDD Time-division Duplex

UE User Equipment

WLAN Wireless Local Area Network

ZF Zero-forcing
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