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DETERMINATION OF HARDWARE IMPAIRMENT PARAMETERS FOR DOWNLINK
CHANNEL STATE INFORMATION ESTIMATION

TECHNICAL FIELD

The invention relates to the field of wireless communication, in particular to the field of

wireless communication using a multi-antenna transceiver.

BACKGROUND

An antenna array is an antenna setup that comprises two or more antennas. Compared to a
single antenna, an antenna array allows for more effective transmissions as well as reception

of a radio frequency (RF) signal.

With a transmit array comprising Nt transmit antennas and a receive array comprising Nr
receive antennas, there are N, x N, propagation paths, each of these propagation paths
going from one of transmit antennas to one of the receive antennas. Each of the propagation
paths involves a gain and a phase shift, for a given frequency component of the transmitted
signal. The gain and the phase shift can be expressed as a complex gain factor. The N, X N,
complex gain factors thus associated with the N, x N, propagation paths constitute the

elements of the channel matrix H, of size N; X N, .

Channel state information (CSI) is information about the channel matrix H and it may refer to
the channel matrix H itself. CSI at the transmitter side is crucial for exploiting the potential of
Multiple-In-Multiple-Out  (MIMO) systems, in particular in multi-user scenarios. In Time
Division Duplexing (TDD) mode, the downlink (DL) transmission from a base station (BS) to
a user equipment (UE) and the uplink (UL) transmission from the UE to the BS take place on

the same frequency band (see FIG. 1).

Downlink CSI in TDD mode can be acquired by exploiting reciprocity between the DL
transmission and the UL transmission. However, hardware impairments of the antenna array
at the base station break the reciprocity, and they need to be taken into account for

determining the downlink CSI.

FIG. 2 shows a schematic model of an uplink channel and a downlink channel in TDD mode.
In the model illustrated in FIG. 2, the base station and the user equipment each comprise a
MIMO transceiver. The MIMO transceiver comprises a receiver chain and a transmitter

chain. In each subcarrier, the hardware impairments can be modeled as linear filters,
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schemetically shown as blocks Tgs, RBs , TUE, and RUE- TgSand RBS represent impairment at
the transmitter chain and at the receiver chain, respectively, at the base station. TUE and RUE
represent impairment at the transmitter chain and at the receiver chain, respectively, at the
user equipment. HDL and HuL represent the effective channel of the downlink channel and the
uplink channel, respectively. cbL and cuL represent the channel matrix associated with the
"over-the-air" section, i.e. the electromagnetic (EM) section, of the downlink channel and the

uplink channel, respectively.

The effective downlink and uplink channel matrices are related to the "over-the-air" channel

matrix as
HDL - RUECTBS
Hy = Ags CTTUE .
The effective downlink channel matrix is therefore:
Hp =Rl Hofs Tas
that is,
Hp = FUEHSLFI;ST

_ T . . . . _ o . . .
where F_ = R, T,s is a BS calibration matrix and F, = R T, is a UE calibration matrix.

The BS calibration matrix may be denoted F for the sake of simplicity (that is, F = Fgg).

Downlink CSI can be acquired as follows. The UE sends pilots to the BS. The BS receives
the pilots from the UE. Based on the received pilots, the BS estimates the uplink channel
state information HuL (using, for example, one of the state-of-the art estimation methods,
such as least-squares estimation). Based on the estimated uplink channel state information

HuL, the BS deduces the downlink channel state information HDL coupled with the user

calibrations matrix F . through

Fl;]:"lHDL = HSLFBisT -

In many applications (for example, some beamforming applications), only the product

FueH p, (but not the channel matrix H

UE itself) needs to be known.

DL

Each subcarrier has its own v x v calibration matrix F, where N is the number of antennas in
the antenna array of the base station. The calibration matrix F therefore needs to be

estimated for each subcarrier of interest.
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The calibration matrix F generally remains stable over time. Two types of variations are
nevertheless quite common: firstly, smooth variations and, secondly, sporadic sudden
variations. Smooth variations occur typically over several minutes, e.g., due to temperature
changes. Sporadic sudden variations may be caused by power surges, power ruptures, or

loss of synchronization.

Hardware impairment of an antenna array can be measured by sending signals over the air

between antennas of the antenna array. Several schemes are known.

Shepard et al, "Argos: Practical Many-Antenna Base Stations" in Proc. ACM Int. Conf. Mobile
Computing and Networking (MobiCom), August 2012, propose a method in which one
reference antenna is chosen among the antennas of the base station. In a first step, the
reference antenna sends a signal to the other antennas. In a second step, each antenna that
is not the reference antenna sends a signal in one time slot each. Calibration coefficients are

then estimated according to the received signals.

US 2014/21 1779 A1 (Caire et al) discloses a method ("Rogalin's method") in which bi-
directional measurements are performed for each pair of antennas. A first antenna of the pair
sends a signal while the second antenna listens. Then the second antenna sends a signal
while the first one listens. Calibration coefficients are then determined based on the received

signals.

Papadopoulos et al, "Avalanche: Fast RF calibration of massive arrays", in 2014 IEEE Global
Conference on Signal and Information Processing (GlobalSIP), propose using a subgroup of
calibrated antennas in order to calibrate the other antennas. First, a pair of antennas is
calibrated according to a bi-directional measurement for the pair. Then, a group of two further
antennas sends a signal to the pair of antennas already calibrated and their calibration
coefficients are estimated according to past measurements. This process is repeated with a

group of further antennas with the same size as the group of antennas already calibrated.

All of these techniques involve an exchange of pilot signals between antennas of the array.

The above considerations make reference to a MIMO transceiver in a base station for
communicating with a user equipment. They do, however, apply similarly to any type of
MIMO transceiver and are not limited to a MIMO transceiver in a base station. Insofar they

are illustrative rather than limiting.
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SUMMARY

It is an object of the invention to provide an efficient concept for evaluating or estimating a
calibration matrix of a MIMO transceiver. This object is achieved by the features of the
independent claims. Further embodiments of the invention are apparent from the dependent

claims, the description, and the figures.

The invention is based partly on the insight that the above mentioned existing techniques are
not well suitable for rapidly updating the calibration matrix, e.g., in the event of a sudden
variation of hardware impairment. Re-calibration using those techniques tends to be
expensive in terms of the required spectral resources and is usually done periodically rather

than when it is actually needed.

The invention is also based on the finding that off-diagonal elements of the calibration matrix
are often negligible and that it may be sufficient to approximate the calibration matrix by a

diagonal or block-diagonal matrix.

According to a first aspect, the invention relates to a MIMO transceiver comprising an
antenna array, a transceiver unit connected to the antenna array, and a control unit
connnected to the transceiver unit. The antenna array comprises N transceive antennas. The

control unit is configured to perform intra-array pilot measurements by:

- partitioning the antenna array into K groups of antennas, G, k=1,..K,
wherein K > 2, each group G, comprising N, antennas, A,;, i =1,..,N,, of the antenna
array; and

- for each k = 1,...,K, controlling the transceiver unit to perform S, pilot measurements,

My, s=1,...S,, wherein S =2 1 and wherein each pilot measurement M,, comprises
transmitting simultaneously by each antenna A,;, i = |,...,N,, of the group G, a pilot signal
Pis and generating by each antenna Ay, V=1,..N ., of the other groups, G, k'# k, a

received signal Y, ;s by receiving the pilot signals P, transmitted by the antennas A,;, i =

1, ’Nk

Thus, an efficient technique for conducting intra-array pilot measurements is provided. The
measured data (i.e. the received pilot signals) can be used for different purposes. One
purpose is to check whether an available value of the calibration matrix Fgg is up to date (i.e.
for testing the calibration matrix Fgg). Another purpose is to determine a new value of the
calibration matrix Fgzg (i.e. for updating the calibration matrix Fgg). The technique is

particularly suitable for detecting sudden variations of the -calibration matrix, and for
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correcting them. The technique may be particularly useful when the antenna array comprises

four or more antennas.

At least one of the groups may comprise two or more antennas. In other words, there may be
at least one k with Nk > 1. In this case, bidirectional measurements are not performed for

every antenna pair. This total time needed for the measurements is thus reduced.

In one embodiment, the control unit is configured to evaluate calibration of the antenna array
(e.g., in afirst mode, herein referred to as a normal mode) or configured to calibrate (e.g., in
a second mode, herein referred to as an urgent mode) the antenna array, based on a

plurality of the received signals Yk wherein k=1,...,K, s=1,.. 'S k'#z k, and V=

k'i's
l,..,N,,. "Evaluating calibration of the antenna array” means determining whether the
antenna array is sufficiently well calibrated, i.e. whether the calibration matrix F is sufficiently

accurate.

More specifically, the control unit may be configured to calibrate the antenna array by
determining a calibration matrix F of size N x N so as to minimize or reduce an extent to
which a set of reciprocity relations is violated, or wherein the control unit is configured to
evaluate calibration of the antenna array by computing an extent to which the set of
reciprocity relations is violated, wherein each of the reciprocity relations is a reciprocity
relation between the received signals generated by one of the groups of antennas and the
received signals generated by another one of the groups of antennas. The calibration matrix
can be taken diagonal or block-diagonal, in this case it may be represented by its diagonal

elements or by its on-diagonal blocks, respectively.

The reciprocity relations may be

SV TN P TF N Mo e = DR DY s (P P s
wherein k'# k and s = 1, Sy, and s'=1, S, and wherein Fk is a calibration matrix of
size N, x N, for the k-th group of antennas G,, wherein F, is a submatrix of the calibration
matrix F associated with the k-th group of antennas G, . If the antennas are ordered so that
antennas of the group G, are grouped together, F, will be a block of size N, x N, on the

diagonal of the calibration matrix F.

The measurements with s = 1, ...,Sk and s' = 1, ... 'S may be coherent measurements. This
means that they are done within a time interval that is sufficiently short for variations of the
channel matrix to be negligible. In this case it can be expected that the reciprocity relations

are satisfied with a negligible error. Alternatively, the § and § ' pilot measurements may be
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decomposed into TnC groups of L, and L, coherent measurements respectively (so that S, =
L, TNC)- IN this case the reciprocity relations given above apply for each coherent slot, that is

tosayfors=tL, + 1,..,tL, + L, ands' = tLy, + 1,..,tLy, + L, and 1<t < Tyc.

In one embodiment, the control unit is configured to calibrate the antenna array by:
determining a decalibrated pool of antennas, which is a subset of the antennas of the
antenna array; and calibrating the decalibrated pool of antennas. The antenna array can thus

be calibrated particularly rapidly.

The control unit may be configured to determine the decalibrated pool of antennas by
determining for each k = I, ..,K whether group G, is calibrated, and if the group G, is found
to be calibrated, excluding the antennas of group G, from the decalibrated pool of antennas.

The decalibrated pool antennas can thus be determined efficiently. A group G, of antennas
may be considered calibrated if the calibration matrix F, associated with that group is known
to a sufficient degree of accuracy. In an initial phase of the calibration procedure, the
decalibrated pool of antennas comprises all antennas of the antenna array. Excluding
calibrated groups of antennas from the decalibrated pool of antennas then reduces the
number of antennas in the decalibrated pool of antennas. Further evaluation or calibration
does not need to involve the whole antenna array - the further evaluation or calibration can

be restricted to the decalibrated pool of antennas and can therefore be faster.

For determining whether group G, is calibrated, the control unit may be configured as
described above, now considering the group G, as the antenna array. In other words, the
control unit may be configured for the group G, as described above for the full antenna array.

Group G, can thus be calibrated efficiently.

For calibrating the decalibrated pool of antennas, the control unit may be configured as
described above, now considering the decalibrated pool of antennas as the antenna array. In
other words, it is proposed to apply the technical measures described for the whole antenna
array to the decalibrated pool of antennas. These technical measures, when applied to the
decalibrated pool of antennas, have technical effects and advantages analogous to those

described above with reference to the whole antenna array.

In one embodiment, the control unit may be configured to determine the decalibrated pool of
antennas iteratively. In this embodiment, the above described operations of partitioning the
antenna array into K groups G, and "determining for each k = 1, ..,K whether group G, is
calibrated, and if the group G, is found to be calibrated, excluding the antennas of group G

from the decalibrated pool of antennas" are the first iteration. In a second iteration,
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operations similar those of the first iteration are applied to each of the groups that were
identified as decalibrated in the first iteration, to determine smaller groups of decalibrated
antennas. Further iterations may be performed similarly, until every decalibrated group of the
antenna array has been partitioned into calibrated and can thus be successively partitioned
into ever smaller groups of antennas until every decalibrated group consists of a single
antenna. For example, for the second iteration, the control unit may be configured for each
k = I,..,K to further partition the group G, into two or more subgroups if the group G, is
found to be decalibrated and to evaluate calibration of each of these subgroups; and to
exclude the antennas of any one of the subgroups that are found to be calibrated from the
decalibrated pool of antennas. The decalibrated pool of antennas can thus be reduced
further, allowing for an even faster further evaluation or calibration (i.e. for a faster testing or

estimation of the calibration matrix associated with the decalibrated pool of antennas).

In one embodiment, K = 2. l.e. the antenna array is partitioned into two groups, G; and G,. A

particularly fast procedure for calibrating or testing calibration can thus be implemented.

In one embodiment, the control unit is configured to evaluate calibration of the antenna array

based on a plurality of the received signals Y, , wherein k = 1,..,K,s=1,.,S, k'# k,

i's
and i'=1,..,N.. and if the antenna array is found to be decalibrated, to calibrate the
antenna array using a method of any one of the preceding claims. Evaluating calibration and
calibrating the antenna array depending on whether the antenna array is found to be
decalibrated can be more efficient than, for example, periodic calibration of the antenna

array.

The control unit may be configured to compute downlink channel state information on the
basis of an uplink channel matrix H; and the calibration matrix F. For example, the control
unit may configured to compute downlink channel state information by computing the product

HLTJLF_T_

In accordance with a second aspect, a method of performing intra-array pilot measurements
for an antenna array of a MIMO transceiver is provided. The antenna array comprises N

transceive antennas, the method comprising:

- partitioning the antenna array into K groups of antennas, G,, k=1,..,K,
wherein K = 2, each group G, comprising N, antennas, A,;, i = |,..,N,, of the antenna
array;

- for each k = I, .. ,K performing S, pilot measurements, M,,, s = I,..,S,, wherein

S, = 1 and wherein each pilot measurement M,  comprises transmitting simultaneously by

each antenna A,;, i = 1,..,N,, of the group G, a pilot signal P, and generating by each

7
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antenna A, i'=1,..,N.. of the other groups, G, k'# k, a received signal Y,r by

receiving the pilot signals Pkis transmitted by the antennas Aki’ =1, N\

At least one of the groups may comprise two or more antennas. In other words, there is at
least one Kk with Nk > 1. It is understood that no pilots need to be exchanged within a given
group. This can make the method more rapid compared to techniques in which pilots are

exchanged between the antennas of every pair of antennas of the array.

The method may comprise evaluating calibration of the antenna array (e.g., in a normal
mode) or calibrating (e.g., in an urgent mode) the antenna array, based on a plurality of the

received signals Y wherein k=1,....K, s= I,...,Sk, k'#k, and i'=1,.. B\

,S 1)
Evaluating calibration of the antenna array means determining whether the antenna array is
calibrated, i.e. whether the calibration matrix F is accurate, or determining a degree of

accuracy of the calibration matrix F.

In one embodiment, calibrating the antenna array comprises determining a calibration matrix
F of size Nx N so as to minimize or reduce an extent to which a set of reciprocity relations is
violated, or wherein said evaluating calibration of the antenna array comprises computing an
extent to which the set of reciprocity relations is violated with the calibration matrix F, wherein
each of the reciprocity relations is a reciprocity relation between the received signals
generated by one of the groups of antennas and the received signals generated by another
one of the groups of antennas. The calibration matrix can be diagonal or block-diagonal, in

this case it can be represented by its diagonal elements or on-diagonal blocks.

The reciprocity relations may be

WE _ W, <N [ -1
ZITREe Pris CFR i Yo s = B ZE s (R i P
wherein K'# k and s = 1, .S, and s = 1,..,S, and wherein F_is a calibration matrix of
size Nk X Nk for the k-th group of antennas, G,, F, being a submatrix of the calibration matrix

F corresponding to the k-th group of antennas, Gk

with | = 1, ...Sy» can be obtained by

180

The received signals Y,.,s With | = 1,...,S, and Y.
coherent measurements, i.e. by sending (and receiving) pilots within a short time interval;

that is, a time interval sufficiently short for variations of the channel matrix H to be negligible.

In one embodiment, calibrating the antenna array comprises: determining a decalibrated pool
of antennas, which is a subset of the antennas of the antenna array; and calibrating the

decalibrated pool of antennas. The antenna array can thus be calibrated particularly rapidly.
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In one embodiment, determining the decalibrated pool of antennas comprises determining for
each k = 1,..,K whether group G, is calibrated, and if the group G, is found to be calibrated,
excluding the antennas of group G, from the decalibrated pool of antennas. In an initial
phase of the calibration procedure, the pool is considered as comprising all antennas of the
antenna array. A group G, of antennas is said to be calibrated if the calibration matrix F, is

known to a sufficient degree of accuracy.

In one embodiment, determining whether group G, is calibrated comprises applying a
method as described herein for the entire antenna array to the group G,, considering the
group G, as the antenna array. In other words, the methods described herein for the

~=antenna array" can also be applied to the antenna array consisting of the group G, .

The decalibrated pool of antennas can be calibrated by applying a method as described
above with respect to the entire antenna array to the decalibrated pool of antennas,

considering the decalibrated pool of antennas as the antenna array.

In one embodiment, if the group G, is found to be decalibrated, the group G, is partitioned
into two or more subgroups and calibration of each of the subgroups is evaluated. The
antennas of any of the subgroups that are found to be calibrated are then excluded from the

decalibrated pool of antennas.

The method may comprise evaluating calibration (e.g., in a normal mode) of the antenna

array based on a plurality of the received signals % wherein k = 1,..,K, s = 1,..,S,,

Y >

k'# k,and i"'= 1,..,N,, and, if the antenna array is found to be decalibrated, calibrating the

antenna array (e.g., in an urgent mode) using a method as described above.

In one embodiment, K = 2. In other words, the antenna array is partitioned into precisely two

groups, G; and G,. Such a scheme is easy to implement and can be particularly fast.

The method may further comprise computing downlink channel state information on the basis

of an uplink channel matrix H; and the calibration matrix F (e.g., by computing the product

HILF-T).

According to a third aspect, the invention relates to a computer program comprising a
program code for performing the method according to the second aspect or any of its
implementation forms when executed on a computer. Thus, the method can be performed in

an automatic and repeatable manner.
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The computer program can be executed by the base station. The apparatus can be

programmably arranged to perform the computer program.

Embodiments of the invention can be implemented in hardware, software, or in any

combination of hardware and software.

BRIEF DESCRIPTION OF THE DRAWINGS

These and further embodiments of the invention will be described with respect to the

following figures, in which:

FIG. 1 schematically shows an example of a first MIMO transceiver in communication

with a second MIMO transceiver.

FIG. 2 schematically represents an effective downlink channel and an effective uplink
channel.

FIG. 3 schematically shows an example of a MIMO transceiver.

FIG. 4 schematically represents a first example of an intra-array pilot measurement
scheme.

FIG. 5 schematically represents a second example of an intra-array pilot measurement
scheme.

FIG. 6 schematically represents an example of a method of detecting decalibration of an

antenna array ("normal mode") and calibrating the antenna array ("urgent mode").

FIG. 7 schematically represents an example of a method of detecting decalibration of an

antenna array ("normal mode") and calibrating the antenna array ("urent mode").

FIG. 8 schematically represents an example of a method of detecting decalibration of an

antenna array ("normal mode").

FIG. 9 schematically represents an example of a method of detecting decalibration of an

antenna array ("normal mode") and calibrating the antenna array ("urgent mode").

10
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FIG. 10 schematically represents an example of a method for detecting decalibrated

antennas.

Identical reference signs are used for identical or functionally equivalent features.

DETAILED DESCRIPTION OF THE EMBODIMENTS OF THE INVENTION

The invention involves several interrelated concepts that will be described in greater detalil
hereafter. The concepts may be implemented separately or in combination. The operations
described herein can be implemented, for example, by suitably configuring (e.g.,
programming) the control unit of the MIMO transceiver so that the MIMO transceiver will

carry out the respective operations.

FIG. 3 shows an example of a MIMO transceiver 10. The MIMO transceiver 10 comprises an
antenna array 12, a transceiver unit 14 connected to the antenna array 12, and a control unit
16 connnected to the transceiver unit 14. The antenna array 12 comprises N transceive
antennas (numbered 1to N in the figure). Each of these antennas is operable in a receive (or
"listening”) mode and in a transmit (or "sending”) mode. In the receive mode, the respective
antenna is not driven by the transceiver unit 14 and instead generates a received signal in
response to electromagnetic radiation from its environment. The received signal is fed to the
transceiver unit 14 for further processing. In the transmit mode the respective antenna is
driven by the transceiver unit 14 to emit electromagnetic signals into its environment. The
emitted electromagnetic signals can notably comprise downlink signals destined, for
example, for one or more user equipments (not shown in this figure), and pilot signals for
calibration purposes. In an intra-array calibration scheme, the pilot signals from one

transmitting antenna are received by one or more listening antennas of the antenna array 12.

A first concept involves partitioning the antenna area into two or more groups of antennas
and transmitting pilot signals among these groups, to generate received pilot signals. The
received pilot signals can be used, for example, to determine whether a current calibration

matrix Fg¢ is accurate, or for estimating the calibration matrix.

More specifically, the antenna array is partitioned into K groups of antennas, wherein K > 2.
It is expected that the technique will be particularly efficient if K is considerably smaller than
the total number of antennas and if the various groups have approximately the same size
(i.e. if each of the groups A, comprises about the same number of antennas as the other

groups). K = 2 may be a particularly good choice.

11
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The groups are denoted Ai, ..., AK. Pilot transmissions between the K groups (see FIG. 4 for
K = 2 and FIG. 5 for K = 3) are performed in K successive intervals. In a k-th interval (where
k = 1,..,K), each antenna of group A, sends a pilot while the antennas of the other groups
are listening (the other groups are Ai, to Ak except Ak). "Listening” means that they are
operated to receive the pilots from group Ai). Each of the antennas of group Ai sends its own
distinctive pilot. In other words, the pilots sent by different antennas of the group differ from
each other (e.g., their carrier waves are identical but they are modulated differently). Each
antenna can thus be identified on the basis of its pilot signal. The antennas of group A, can
send their pilots simultaneously, thereby achieving good time efficiency. These operations
may be performed repeatedly. E.g., after the K-th interval, the operations of intervals 1to K

may be repeated.

The received pilot signals are used to assess an existing value of the calibration matrix of the
antenna array (e.g., to find out whether the antenna array is sufficiently well calibrated), orto
determine a new value of the calibration matrix of the antenna array (i.e. to re-calibrate the

antenna array).

Referring back to FIG. 3, the control unit 16 may be configured to perform intra-array pilot

measurements by the following operations:

- Partitioning the antenna array into K groups of antennas, G, k=1,...K,
wherein K = 2, each group G, comprising Nk antennas, Aki, i = I,...,Nk, of the antenna
array. In other words, K mutually exclusive antenna sets (the groups of antennas) are

defined, and each of the N antennas of the array is assigned to precisely one of these sets.

- For each k=1,...K, controling the transceiver unit to perform Sk pilot
measurements, Mks, S = I,...,Sk, wherein Sk > 1. Each pilot measurement MkS comprises
transmitting simultaneously by each antenna A, i=1,..,N,, of the group G a pilot signal
IDkis
antenna to be identified on the basis of its pilot signal. The respective pilot measurement

. Each antenna will transmit its own distinctive pilot signal, thus allowing the respective

My further comprises generating by each antenna A, i'= 1, ..,N,. of the other groups, G,

k'# k, a received signal Y, by receiving the pilot signals P, transmitted by the antennas

A i =1, 0N,

k'i's

kiv !

Note that multiple such pilot transmissions may be needed for calibrating. In particular, K
pilot measurements can be sufficient for testing the calibration parameters but not sufficient

for updating them. For example, each group G, can send multiple pilot signals.
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A further concept involves an intra-array pilot transmission scheme for rapidly re-calibrating
the antenna array when necessary. The scheme comprises two intra-array pilot transmission
schemes of the antenna array, namely a detection mode (referred to herein as the normal

mode) and a calibration mode (referred to herein as the urgent mode).

In the normal mode, pilot signals are transmitted between antennas of the antenna array and
a mismatch between the current value of the calibration matrix Fgg and received pilots is
estimated. If the estimated mismatch exceeds a threshold value, the MIMO transceiver is

switched to urgent mode.

In the urgent mode, pilot signals are transmitted between antennas of the antenna array.
After a sufficient number of pilot signals have been transmitted, the MIMO transceiver
estimates a new value of the calibration matrix Fz5 based on the received pilots. In both

modes (normal and urgent), the pilots can be transmitted between K antenna groups.

Note that a new value of the calibration matrix can also be estimated after a sufficient
number of pilot signal have been transmitted in the normal mode. However, the urgent mode

allows to estimate a new value of the calibration matrix more rapidly than the normal mode.

FIG. 6 schematically represents an example of a scenerio in which a MIMO transceiver is
operating in normal mode, then switches to urgent mode, and then switches back to normal

mode.

In an embodiment of the normal mode (see FIG. 7, "Normal mode"), group pilot
transmissions are performed in successive time slots. In each time slot, a mismatch of the
current calibration matrixFg, is estimated based on the received pilot signals. If the estimated
mismatch is too high, the MIMO transceiver switches to urgent mode. The normal mode
allows detecting any de-calibration (i.e. detecting any mismatch of the current value of the
calibration matrix) rapidly and in a spectrally efficient manner, requiring relatively few pilot
signal transmissions (that is, requiring less pilot signals transmissions than are required for
determining a new value of the calibration matrix). However, the normal mode will in general

not be suitable for identifying any de-calibrated antennas.

In an embodiment of the urgent mode (see FIG. 7, "Urgent mode"), a dedicated sequence of
pilot signals is sent. A new value of the calibration matrix Fgg is determined on the basis of
Nu received pilot signals. The number Nu can be chosen sufficiently large so that the

decalibrated antenna(s) can be identified. After Nu pilot measurements, the MIMO transceiver
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is reset to normal mode. The urgent mode allows to identify any de-calibrated antennas, and

to re-calibrate them.

In normal mode, pilots are transmitted between K subgroups of antennas Ai, ..., Ak in a

succession of time slots.

Each time slot can be chosen sufficiently short so that any variation of the channel matrix
during the time slot is likely to be negligible. Pilot measurements performed during any one of
these time slots are called coherent measurements. Each time slot in the normal mode
comprises I_c coherent consecutive Dbidirectional pilot measurements (e.g., as shown in
FIG. 8).

A time slot in which one or more pilots are transmitted may be referred to as a pilot
transmission slot. In the period between any two successive pilot transmission slots, the
antenna array can be operated to transmit or receive any kind of signal, e.g., to transmit a
downlink signal, or to receive an uplink signal. Pilot transmission slots that are separated by
one or more time slots are referred to herein as non-coherent time slots. Thus, the S pilot
measurements mentioned above may be decomposed into TNC groups of Lc coherent

measurements. If possible, the calibration matrix is estimated.

The calibration matrix (or submatrices of it) can be estimated, for example, as follows:

The K antenna groups of the antenna array are operated successively to send pilots
corresponding to K pilot matrices Pit,.., Pkt : of size NIXLC, ...,NKXLC respectively, for each
non coherent slot t (between 1 and T,c, where T,cis the number of non-coherent slots). For
each k and each coherent slot L (between 1 and L.), the L-th column corresponds to the
signals sent by the antenna elements of group A, respectively. While one of the K antenna
groups is sending, the other antennas of the array are listening (i.e., are operated in a
receive mode), thus yielding received pilot signals Yikyt,..., Ykt , which are K matrices of size
NkxLc respectively containing received signals by sets of antenna elements Ay during the

pilot transmissions for each non coherent slot t (between 1 and TNC).

The calibration submatrices Fi, ..., FKare computed based on the received pilot signals. The
full calibration matrix F is then the block-diagonal matrix having the submatrices Fi,..., FK, as

its block diagonal, i.e.

F, 0 0
F={0 . 0
0 0 F,
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For any k and k' from 1to K, kzk', the transmitted and received pilots are related theoretically

by the following reciprocity relation:
T -1l _ T -T
P F Yk =Yg b Py +0
where , is a noise matrix. This relation can be used to estimate the calibration submatrices

Fi,..., FK based on the transmitted pilots Pkand the received pilots Y k-

In one embodiment the calibration submatrices Fi, . FK are estimated (e.g., by the control
unit of the MIMO transceiver) by solving the solution of the following least square

minimization problem:

TNC
F=arg min z z ”Pk]:tFk_lYk'k,t - Yki’,tFTTPk',t

2
_1|? F
FroFe |F7| =N 1sirzx

In a variant of this embodiment,

A R T -1 T T 2
F =arg min z z ”PktFk Yoo, ~Yu b B,
F F F:1 » » » > F -
Lot KT =] 1<kk'<K

In one embodiment, the pilot matrices of group Akare designed as follows. Each element at

row i and column j of Pkt is randomly chosen such that its nhorm matches a power constraint

—_ i6, ; . . . . .
a, eg., F,f —(ae e )Sis,vk’gjﬂc where 91.,1_ is a uniform random variable in the range [0;27].

. : : _ a
In another embodiment, the power of each line of Pkt is chosen to be Py = mm where

NR is the signal-to-noise ratio of the channel between antenna i of subset Ak and the

antennas outside the subset Ak. The phase of each element of Pkt is chosen as in the first

embodiment, i.e. uniformly random between 0 and 2tr.

A criterion for detecting decalibration can be computed, for example, as follows. In one

embodiment, a criterion 1, is computed after each non-coherent time slot t. The criterion I,

may be computed as
2
T -1 T =T
n = Z HBctFk Yk'k,t _Ykk',tF;c' Bct"F
I<k#k'<K
If the criterion is found to exceed a defined threshold T, (i.e. when n,t>T), urgent mode is
triggered. The threshold T may be chosen, for example, by fixing a probability of wrongly

switching to urgent mode to a certain value.
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In a first embodiment (‘maximum coherent time") of the urgent mode, N =L.=~+N

coherent consecutive pilots are transmitted similarly as in the normal mode. In this case, the
calibration parameters can be estimated through the same equations as in the normal mode.
After estimating the calibration parameters, the system returns to normal mode. This
technigue can be particularly suitable for cases where the channel remains constant over the

Nu measurements.

In a second embodiment ("binary tree search", see FIG. 9) of the urgent mode, the urgent
mode comprises a tree search operation (e.g., a binary tree search) for determining a pool of
decalibrated antennas, followed by a calibration operation for calibrating the pool of

decalibrated antennas.

In other words, the tree search serves to identify non-calibrated antennas. The tree search
may comprise, for example, N-No further pilot transmissions exchanged between K
subgroups of antennas Al, ..., Ak and B. If possible, calibration parameters are estimated
after each pilot transmission (e.g., like in normal mode). The system then returns to normal

mode, e.g., after a total of Nu=N bi-directional measurements (see FIG 8).

FIG. 10 shows an example of an embodiment of the tree search. Here, ni is a threshold
which may be optimized offline. In this example, the tree search comprises the following

operations (which may be controlled by a control unit of the MIMO transceiver):

- Pilots are exchanged between K subgroups of antennas A4,...,A, . A criterion

2
- (with notations as detailed above for the normal mode) is

n= Y o7 F-ywk - W FTP,

Iskzk'sK

computed based on the received pilots.

- If n < Hmaxthe binary tree search is stopped; otherwise, for each group A, (k=1,...K) a
2
second criterion 'y is computed as y, = max ”PkTFk’l)(k,k —)Q,ijTPk,"F. ff Yk > ymax , Group A,
k'#k

is partitioned into K subgroups A, Ai, A A, A A, .Note that if Ymax=0, the second criterions
Y, do not need to be computed). Pilots are then exchanged between these K subgroups and

a corresponding  criterion n,, is computed. If Nax < Mmax, groups A4 Ay A4y A are not

.....

partitioned any further further. Otherwise, (i.e. if Na1 > n1), second criteria nakk are computed.

If YAkk > ymax, the group A, Ax-will also be divided into K subgroups.

- This process is iterated until each remaining group contains only one element.
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- Multiple pilots are then transmitted between only the remaining antennas of the array,
i.e. between the antennas of the decalibrated pool of antennas, (e.g., by a transmission
scheme as in the normal mode), and calibration parameters for those remaining antennas

are determined based on the received pilots.

The above described techniques have the following advantages. The coherent and non-
coherent accumulation of pilot transmissions between two subgroups of antenna allows the

calibration technique to be spectrally efficient. Note that it will require comparatively few pilot

symbols (if L. :\/_N_ only \/ﬁ pilot transmissions are needed. The calibration technique

can also be quite robust with respect to hardware behavior, by allowing detecting and

correcting sudden variations of calibration parameters.

Estimating a quantity means determining a value of the quantity. If the quantity comprises
multiple elements (e.g., if the quantity is a tuple or a matrix), the value also comprises
multiple elements; estimating the quantity then means determining a value of each of the

multiple elements.

A pilot transmission from one group of antennas (first group) to another group of antennas
(second group) means the operations of transmitting simultaneously from each antenna of
the first group a pilot and receiving that pilot by each antenna of the second group. This is

called a uni-directional pilot transmission.

A bi-directional pilot transmission between one group of antennas (first group) and another
group of antennas (second group) is a uni-directional pilot transmission from the first group to
the second group, followed by a uni-directional pilot transmission in the opposite sense, that

is, from the second group to the first group.

Calibrating a group of antennas of an antenna array means determining a calibration matrix
associated with the group of antennas. The calibration matrix associated with the group of

antennas is a submatrix of a calibration matrix associated with the whole antenna array.

The invention has been described in conjunction with various embodiments herein. However,
other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word "comprising” does not exclude
other elements or steps, and the indefinite article "a" or "an" does not exclude a plurality. A

single processor or other unit may fulfill the functions of several items recited in the claims.
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The mere fact that certain measures are recited in mutually different dependent claims does
not indicate that a combination of these measured cannot be used to advantage. A computer
program may be stored/distributed on a suitable medium, such as an optical storage medium
or a solid-state medium supplied together with or as part of other hardware, but may also be
distributed in other forms, such as via the Internet or other wired or wireless

telecommunication systems.

Although the present invention has been described with reference to specific features and
embodiments thereof, it is evident that various modifications and combinations can be made
thereto without departing from the spirit and scope of the invention. The specification and
drawings are, accordingly, to be regarded simply as an illustration of the invention as defined
by the appended claims, and are contemplated to cover any and all modifications, variations,

combinations or equivalents that fall within the scope of the present invention.
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CLAIMS

1. A MIMO transceiver comprising an antenna array, a transceiver unit connected to the
antenna array, and a control unit connnected to the transceiver unit, the antenna array
comprising N transceive antennas, wherein the control unit is configured to perform intra-

array pilot measurements by:

partitioning the antenna array into K groups of antennas, G,, k = I,..,K, wherein K > 2,

each group G, comprising N, antennas, A,;,i = 1,...,N,, of the antenna array; and

for each k = 1,...,K, controlling the transceiver unit to perform S, pilot measurements, M,
s = 1,..,S,,wherein S, > 1 and wherein each pilot measurement M, comprises transmitting
simultaneously by each antenna A, i = I,..,N,, of the group G _ a pilot signal P, and
generating by each antenna Ay, i'=1,...,N,, of the other groups, G, k'# k, a received

signal ¥ ,, by receiving the pilot signals P, transmitted by the antennas A,;,i = 1,..,N,.

Ya¥a

2. The MIMO transceiver of claim 1, wherein at least one of the groups comprises two or

more antennas.

3. The MIMO transceiver of claim 1 or 2, wherein the control unit is configured to

evaluate calibration of the antenna array or configured to calibrate the antenna array, based

on a plurality of the received signals Y, , wherein k = 1,..,.K, s=1,...S,,k'# k,and V=
1, neay Nk'
4. The MIMO transceiver of claim 3, wherein the control unit is configured to calibrate

the antenna array by determining a calibration matrix F of size N X N so as to minimize or
reducing an extent to which a set of reciprocity relations is violated, or wherein the control
unit is configured to evaluate calibration of the antenna array by computing an extent to
which the set of reciprocity relations is violated, wherein each of the reciprocity relations is a
reciprocity relation between the received signals generated by one of the groups of antennas

and the received signals generated by another one of the groups of antennas.

5. The MIMO transceiver of claim 4, wherein the reciprocity relations are

] N ]
YO Pris(Fi Diikkers = 2550 205 Y ks (P i P i
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wherein k'#z k and s =1, .. 3( and s'=1, .. Sk and wherein F is a calibration matrix of
size N, x N, for the k-th group of antennas G, wherein F, _is a submatrix of the calibration

matrix F associated with the k-th group of antennas G, .

6. The MIMO transceiver of claim 5, wherein the measurements Yy with S=1,...,S,

and Ykk.i,s, with s' = 1, ...,Skr are coherent measurements.

7. The MIMO transceiver of claim 3, 4, 5, or 6, wherein the control unit is configured to
calibrate the antenna array by:

- determining a decalibrated pool of antennas, which is a subset of the antennas of the
antenna array; and

- calibrating the decalibrated pool of antennas.

8. The MIMO transceiver of claim 7, wherein the control unit is configured to determine
the decalibrated pool of antennas by determining for each k = 1, ..,K whether group G, is
calibrated, and if the group G, is found to be calibrated, excluding the antennas of group G,

from the decalibrated pool of antennas.

9. The MIMO transceiver of claim 8, wherein for determining whether group G is
calibrated the control unit is configured as described in any one of claims 1 to 5, now

considering the group G, as the antenna array mentioned in claim 1.

10. The MIMO transceiver of claim 8 or 9, wherein for calibrating the decalibrated pool of
antennas the control unit is configured as described in any of claims 1to 8, now considering

the decalibrated pool of antennas as the antenna array mentioned in claim 1.

11. The MIMO transceiver of claim 7, 8, 9, or 10, wherein the control unit is configured, if
the group G, is found to be decalibrated, to partition the group G, into two or more subgroups
and to evaluate calibration of each of the subgroups and, for any one of the subgroups that is

found to be calibrated, exclude the antennas of that subgroup from the decalibrated pool of

antennas.
12. The MIMO transceiver of any one of the preceding claims, wherein K = 2.
13. The MIMO transceiver of any one of claims 1 to 6, wherein the control unit is

configured to:
- evaluate calibration of the antenna array based on a plurality of the received signals
Ykk'i wherein k = 1,...,K, s=1,...,.L,k"'# k, and V=1, -sNy, and

.
S >
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- if the antenna array is found to be decalibrated, calibrate the antenna array using a

method of any one of the preceding claims.

14. The MIMO transceiver of any one of the preceding claims, wherein the control unit is
configured to compute downlink channel state information on the basis of an uplink channel

matrix H,, and the calibration matrix F.

15. A method of performing intra-array pilot measurements for an antenna array of a

MIMO transceiver, the antenna array comprising N transceive antennas, the method

comprising:

- partitioning the antenna array into K groups of antennas, G, k=1,..K,
wherein K > 2, each group G, comprising N, antennas, A,;, i =1,..,N,, of the antenna
array;

- for each k = I,..,.K performing S, pilot measurements, M., s =1,..,S,, wherein

S 2 1 and wherein each pilot measurement M,  comprises transmitting simultaneously by
each antenna A, i = |,..,.N,, of the group G, a pilot signal P, and generating by each

antenna Ay, V=1,..N,. of the other groups, G, k'# k, a received signal Y. ;s by

receiving the pilot signals P, transmitted by the antennas A,;,i = 1,...N.
16. The method of claim 15, wherein at least one of the groups comprises two or more
antennas.

17. A computer program product comprising a program code for performing the method

according to claim 15 or 16 when executed on a computer.
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