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BEAMFORMING IN MIMO COMMUNICATION SYSTEMS

FIELD OF THE INVENTION
The present invention relates generally to wireless communication systems, and
particularly to methods and systems for beamforming in Multiple-Input Multiple-Output

(MIMO) communication systems.

BACKGROUND OF THE INVENTION

Some communication systems, commonly referred to as Multiple-Input Multiple-
Output (MIMO) systems, transmit and receive simultaneously using multiple transmit and
receive antennas. Some MIMO techniques transmit phase-shifted replicas of a transmitted
signal from multiple antennas to produce a directioﬁal, high-gain transmission. These
techniques are often referred to as Beam Forming (BF) techniques. The phase differences
between the signals transmitted from the different antennas determine the direction of the
transmission. Thus, beamforming systems are often sensitive to undesired phase and frequency
offsets between signals.

Several methods are known in the art for measuring and/or correcting phase and
frequency offséts in MIMO systems. For example, U.S. Patent Application Publication
2006/0135077, whose disclosure is incorporated herein by reference, describes a multi-
transceiver system adapted to estimate a frequency offset on the basis of a test signal and a
reference signal. Transceivers in the multi-transceiver system are adapted to transmit signals
compensated with the frequency offsets.

U.S. Patent Application Publication 2006/0209979, whose disclosure is incorporated
herein by reference, describes a method of tracking receiver frequency offsets in a receiver of a
MIMO system. The frequency offsets due to each of a number of receiver sub-systems are
estimated by monitoring frequency offsets on a number of channels or sub-carriers on different
frequencies. The channel frequency offsets are preferably estimated by detecting the phase

rotation between adjacent pilot symbols on each respective channel.

SUMMARY OF THE INVENTION
Embodiments of the present invention provide a communication terminal, including:
first and second transmitters, which are coupled to produce respective first and second
Radio Frequency (RF) signals that are phase-shifted with respect to one another by a
beamforming phase offset, and to transmit the RF signals toward a remote communication
terminal; and

a reception subsystem, including:
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first and second receivers, which are respectively coupled to receive third and fourth
RF signals from the remote communication terminal; and

a phase correction unit, which is coupled to produce, responsively to the third and
fourth RF signals, a phase correction for correcting an error component in the beamforming
phase offset.

In some embodiments, the first and second receivers are respectively coupled to down-
convert the third and fourth RF signals to produce first and second received signals, and the
phase correction unit is coupled to measure a phase shift between the first and second received
signals and to compute the phase correction responsively to the measured phase shift. In an
embodiment, the phase correction unit includes a Differential Phase-Locked Loop (DPLL),
which is coupled to measure the phase shift. In another embodiment, the phase correction unit
is coupled to produce first and second baseband signals that include the phase correction, and
the first and second transmitters are respectively coupled to process the first and second
baseband signals so as to produce the first and second RF signals. In a disclosed embodiment,
the phase correction unit is coupled to determine a phase shift between the third and fourth RF
signals, and to produce the phase correction proportionally to the measured phase shift.

In some embodiments, the communication terminal includes first and second Local
Oscillator (LO) generation units, which are coupled to produce respective first and second LO
signals that are unsynchronized with one another, and the first and second transmitters are
respectively coupled to produce the first and second RF signals using the first and second
unsynchronized LO signals. In an embodiment, the first and second receivers are coupled to
process the third and fourth RF signals using respectively the first and second unsynchronized
LO signals.

In another embodiment, the communication terminal includes first and second Local
Oscillator (LO) generation units, which are coupled to produce respective first and second LO
signals that are locked to a common reference clock signal, and the first and second
transmitters are respectively coupled to produce the first and second RF signals using the first
and second LO signals. In an embodiment, the first and second receivers are coupled to
process the third and fourth RF signals using respectively the first and second LO signals.

There is additionally provided, in accordance with an embodiment of the present
invention, a communication system, including:

transmission baseband circuitry, which is coupled to produce first and second baseband
signals with a relative beamforming phase therebetween, the first baseband signal including a

first sequence of first pilot symbols, and the second baseband signal including a second
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sequence of second pilot signals, such that eac?il first pilot signal is transmitted concurrently
with a corresponding second pilot signal, each of the first and second sequences includes at
least first and second interleaved sub-sequences, such that each of the first pilot symbols in the
first sub-sequence has a first phase offset relative to the corresponding second pilot signal, and
each of the first pilot symbols in the second sub-sequence has a second phase offset, which is
different from the first phase offset, relative to the corresponding second pilot signal; and

first and second transmitters, which are respectively coupled to process the first and
second baseband signals so as to produce and transmit first and second Radio Frequency (RF)
signals.

In some embodiments, the system further includes first and second receivers, which are
respectively coupled to receive first and second combinations of the first and second
transmitted RF signals and to produce respective first and second received signals; and

reception baseband circuitry, which is coupled to combine the first and second received
signals to produce a composite signal, to measure respective first and second magnitudes of
the pilot symbols belonging to the first and second sub-sequences in the composite signal, to
process the first and second magnitudes so as to compute the relative beamforming phase, and
to provide the beamforming phase to the transmission baseband circuitry.

In another embodiment, the reception baseband circuitry is coupled to combine the first
and second received signals by applying Maximum Ratio Combining (MRC). In yet another
embodiment, the first phase offset includes ¢ degrees, the second phase offset includes -¢
degrees, and each of the first and second sequences further includes a third sub-sequence, such
that each of the first pilot symbols in the third sub-sequence has no phase offset with respect to
the corresponding second pilot signal.

There is also provided, in accordance with an embodiment of the present invention, a
communication terminal, including:

first and second receivers, which are respectively coupled to receive first and second
combinations of first and second Radio Frequency (RF) signals transmitted from respective
first and second transmitters, and to process the first and second combinations to produce
respective first and second received signals,

such that the RF signals have a relative beamforming phase therebetween, the first RF
signal including a first sequence of first pilot symbols, and the second RF signal including a
second sequence of second pilot signals, such that each first pilot signal is transmitted
concurrently with a corresponding second pilot signal, each of the first and second sequences

includes at least first and second interleaved sub-sequences, such that each of the first pilot
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symbols in the first sub-sequence has a first phase offset relative to the corresponding second
pilot signal, and each of the first pilot symbols in the second sub-sequence has a second phase
offset, which is different from the first phase offset, relative to the corresponding second pilot
signal; and

a modem, which is coupled to combine the first and second received signals to produce
a composite signal, to measure respective first and second magnitudes of the pilot symbols
belonging to the first and second sub-sequences in the composite signal, to process the first
and second magnitudes so as to compute the relative beamforming phase, and to provide the
beamforming phase to the first and second transmitters.

There is further provided, in accordance with an embodiment of the present invention,
a method for communication, including:

producing first and second Radio Frequency (RF) signals that are phase-shifted with
respect to one another by a beamforming phase offset;

transmitting the first and second RF signals toward a remote communication terminal;

receiving third and fourth RF signals from the remote communication terminal; and

processing the third and fourth RF signals so as to produce a phase correction for
correcting an error component in the beamforming phase offset.

There is also provided, in accordance with an embodiment of the present invention, a
method for communication, including:

producing first and second baseband signals with a relative beamforming phase
therebetween, the first baseband signal including a first sequence of first pilot symbols, and the
second baseband signal including a second sequence of second pilot signals, such that each
first pilot signal is transmitted concurrently with a corresponding second pilot signal, each of
the first and second sequences includes at least first and second interleaved sub-sequences,
such that each of the first pilot symbols in the first sub-sequence has a first phase offset
relative to the corresponding second pilot signal, and each of the first pilot symbols in the
second sub-sequence has a second phase offset, which is different from the first phase offset,
relative to the corresponding second pilot signal;

processing the first and second baseband signals so as to produce and transmit first and
second Radio Frequency (RF) signals;

receiving first and second combinations of the first and second transmitted RF signals

so as to produce respective first and second received signals;
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combining the first and second received signals to produce a composite signal, and
measuring respective first and second magnitudes of the pilot symbols belonging to the first
and second sub-sequences in the composite signal; and

processing the first and second magnitudes so as to compute the relative beamforming
phase.

There is additionally provided, in accordance with an embodiment of the present
invention, a method for communication, including:

receiving first and second combinations of first and second Radio Frequency (RF)
signals transmitted from respective first and second transmitters, and processing the first and
second combinations to produce respective first and second received signals, the RF signals
having a relative beamforming phase therebetween, the first RF signal including a first
sequence of first pilot symbols, and the second RF signal including a second sequence of
second pilot signals, such that each first pilot signal is transmitted concurrently with a
corresponding second pilot signal, each of the first and second sequences includes at least first
and second interleaved sub-sequences, such that each of the first pilot symbols in the first sub-
sequence has a first phase offset relative to the corresponding second pilot signal, and each of
the first pilot symbols in the second sub-sequence has a second phase offset, which is different
from the first phase offset, relative to the corresponding second pilot signal;

combining the first and second received signals to produce a composite signal, and
measuring respective first and second magnitudes of the pilot symbols belonging to the first
and second sub-sequences in the composite signal; and

processing the first and second magnitudes so as to compute the relative beamforming
phase.

The present invention will be more fully understood from the following detailed

description of the embodiments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram that schematically illustrates a Multiple-Input Multiple-
Output (MIMO) communication system, in accordance with an embodiment of the present
invention;

Fig. 2 is a flow chart that schematically illustrates a method for measuring and
correcting phase offsets in a MIMO communication system, in accordance with an
embodiment of the present invention;

Fig. 3 is a diagram that schematically illustrates signals transmitted in a MIMO

communication system, in accordance with an embodiment of the present invention; and
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Fig. 4 is a flow chart that schematically illustrates a method for measuring and
correcting beamforming errors in a MIMO communication system, in accordance with another

embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

Embodiments of the present invention provide improved methods and systems for
estimating and correcting error components in the phase and/or frequency offsets between
transmitters of a beamforming MIMO system.

In some embodiments that are described hereinbelow, a bidirectional MIMO
communication system comprises two stations that exchange data over a forward channel and
a reverse channel. A given station comprises two or more transmitters (which transmit over
one of the channels) and two or more receivers (which receive over the opposite channel). In
some system configurations, undesired phase/frequency offsets that are introduced by the
receivers in a given station are indicative of the undesired phase/frequency offsets introduced
by the transmitters of the same station. Such dependence occurs, for example, when the
transmitter and receiver connected to each antenna use Local Oscillator (LO) signals that are
locked to a common reference.

Some methods that are disclosed herein use this dependence to adjust the
phase/frequency offsets of the transmitters. In accordance with these methods, a given station
measures the phase/frequency offset between signals received by its receivers, and corrects the
phase/frequency of the signals transmitted by its transmitters as a function of the measured
offset. When using these methods, each station performs receiver measurements and adjusts
the transmitted signals locally, independently of the other station. These methods are
particularly effective in stations whose transmitters use LO signals that are unsynchronized
with one another. Such systems often have high levels of differential phase noise, which is
canceled out by the disclosed methods.

In other disclosed methods, a transmitting station interleaves sequences of pilot
symbols in the signals transmitted via the different transmit antennas. Each pilot symbol
sequence comprises two or more sub-sequences that are interleaved with one another along the
signal. Within each sub-sequence, corresponding pilot symbols in the different signals have a
certain phase difference with respect to one another, and this phase difference differs from one

sub-sequence to another. A receiving station receives the signals via multiple receive antennas
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and combines them, using a technique such as Maximum Ratio Combining, to produce a
composite signal.

Corresponding pilot symbols in the different received signals are combined in the
composite signal in accordance with their relative phases. As will be explained below, the
error in the beamforming phase used by the transmitters can be derived from the ratios
between the magnitudes of the pilot symbols in the different sub-sequences, as measured in the
composite signal. The receiving station measures the magnitudes of the pilot symbols in the
composite signal, and compares the average pilot magnitudes in the different sub-sequences.
Using the comparison results, the receiving station estimates the error in the beamforming
phase. The estimation results are fed back to the transmitting station in order to adjust the

beamforming phase between the transmitters.

SYSTEM DESCRIPTION

Fig. 1 is a block diagram that schematically illustrates a Multiple-Input Multiple-
Output (MIMO) communication system 20, in accordance with an embodiment of the present
invention. System 20 comprises two stations 24A and 24B, also referred to as endpoints or
terminals, which exchange data with one another. System 20 may comprise, for example, a
microwave or millimeter-wave link or any other suitable communication system. The
description that follows refers to transmission from station 24A to station 24B for the sake of
clarity. Typically, however, communication between the stations is bidirectional and each
station comprises both transmitters and receivers.

Station 24A comprises a transmit (TX) modem 28, which accepts input data for
transmission, modulates the data to produce a stream of digital samples and converts the
samples to an analog baseband or Intermediate Frequency (IF) signal. In some embodiments,
the TX modem produces a complex baseband signal, i.e., a signal comprising separate In-
phase and Quadrature (I/Q) components. The splitting into the I and Q components is typically
performed in the digital domain. The term “baseband signal” is thus used herein to describe
any real or complex low-frequency signal that is produced by the modem, including IF signals.

The analog baseband signal is provided to two transmitters/receivers (transceivers) 32A
and 32B. In each transceiver, the analog signal is processed by an up-converter (UC) 36, also
referred to as a transmitter, which up-converts the analog baseband signal to a suitable Radio
Frequency (RF). UC 36 typically filters the signal and amplifies it to the appropriate
transmission power. The output of UC 36 is filtered by a duplexer 40 and transmitted toward
station 24B by an antenna 44.
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Station 24A applies beamforming methods using its two transceivers in order to
transmit a directional, high-gain signal toward station 24B. Typically, the TX modem provides
transceivers 32A and 32B with respective baseband signals that are phase-shifted replicas of
one another. Therefore, the two RF signals transmitted via the two antennas of station 24 A are
intended to convey the same waveform, except for a certain phase offset. The phase offset
between the two transmitted RF signals is set so as to combine constructively in the direction
of station 24B, i.e., to form a directional signal that is directed toward the other endpoint of the
link. The phase difference that is introduced between the two RF signals in order to direct the
signal toward station 24B is referred to herein as the beamforming phase.

In station 24B, the signals transmitted from station 24A are received by two antennas
44 of transceivers 32C and 32D. Each antenna of station 24B receives a certain combination of
the two transmitted signals. Each of transceivers 32C and 32D processes the received signal
combination to produce a respective baseband analog signal. In each transceiver of station
24B, the RF signal is fed via a duplexer 40 to a down-converter (DC) 48, also referred to as a
receiver. The DC down-converts the RF signal to baseband or to IF, and typically catries out
additional functions such as filtering and/or gain control. Again, the term “baseband” used
herein refers to any low-frequency signal that is provided to the RX modem, including IF
signals.

The two received baseband signals are provided to a joint demodulator 52, which is
also referred to herein as a receive (RX) modem. In the present example, the joint demodulator
comprises a Maximum Ratio Combining (MRC) receiver. (Analog to digital conversion may
be carried out either by each individual transceiver or by the joint demodulator.) Demodulator
52 jointly processes the two received baseband signals, so as to reconsiruct the data that was
transmitted from station 24A. The reconstructed data is provided as output.

Each of transceivers 32A...32D comprises a Local Oscillator (LO) source 56. The LO
source in a given transceiver produces one or more LO signals and provides the LO signals to
UC 36 and DC 48 of the transceiver. In some embodiments, the LO frequencies used for up-
and down-conversion are different. In these embodiments, LO source 56 typically comprises
two LO generation circuits, such as Phase-Locked Loops (PLLs) 58, which are locked to a
common reference clock 57.

The UC and DC respectively perform up-conversion and down-conversion using the
LO signals produced by source 56. The different LO signals produced by a given LO source 56
are typically locked to a common reference clock signal. For example, the LO source may

comprise a reference clock oscillator and one or more synthesized frequency sources. The
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synthesized frequency sources produce LO signals that are locked to the output of the common
reference clock oscillator.

As noted above, the two RF signals transmitted from transceivers 32A and 32B are
intended to comprise phase-shifted replicas of one another. The TX modem of station 24A
typically introduces an intentional phase offset between the two RF signals. This intentional
phase offset (which is also referred to as a beamforming offset) is calculated so as to cause the
two signals to combine and form a directional RF signal that is directed toward station 24B.

In practice, however, additional undesired phase and/or frequency offsets may exist
between the two transmitted RF signals. Such undesired offsets may be caused, for example,
by phase and/or frequency offsets between the LO signals that are used for performing up-
conversion in transceivers 32A and 32B.

In some implementations, the up-converter LO signals in the two transmitters of station
24A are not locked to a common reference clock. In these implementations, both frequency
and phase offsets may exist between the transmitted signals. For example, in some
implementations of station 24A, transceivers 32A and 32B are mounted in respective Outdoor
Units (ODUs), i.e., in separate units. In such implementations, physically distributing a
common reference clock to the different ODUs may be impractical. When the LO signals used
for up-conversion in the two transceivers are not synchronized with one another, the phase
and/or frequency offsets between them introduce undesired offsets between the two
transmitted RF signals.

Even in configurations in which the up-converter LO signals are locked to a common
reference, there may still exist phase differences (differential phase noise) between the two up-
converter LOs because of noise produced in the different LO generation circuits. Such noise
may be generated, for example, by frequency dividers, Voltage-Controlled Oscillators (VCOs)
and/or Phase Detectors (PDs) in the LO generation circuits. In alternative embodiments, the
up-converter LO signals are synchronized (e.g., produced by the same LO generation circit), in
which case the frequency and phase offsets may be negligible.

Embodiments of the present invention provide improved methods and systems for
estimating and correcting phase and/or frequency offsets between transmitters of a
beamforming MIMO system. Although the embodiments described herein refer to a
configuration of two transmitters and two receivers, the methods and systems described herein
can be used in MIMO systems having any desired number of transmitters and receivers. The

number of transmitters may be equal to or different from the number of receivers.
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The description below refers to estimation and correction of phase offsets, differential
phase noise and frequency offsets. Since phase and frequency offsets are interrelated,
estimation and/or correction of such offsets may be carried out using either the phase or the
frequency of the signals. In the context of the present application and in the claims, all of these

terms may be used interchangeably.

RECIPROCAL FREQUENCY OFFSET CORRECTION

Fig. 2 is a flow chart that schematically illustrates a method for measuring and
correcting frequency offsets in MIMO communication system 20, in accordance with an
embodiment of the present invention. The method of Fig. 2 uses the fact that the LO signals
used by the up-converter and down-converter in a given transceiver are often derived from a
common reference, and therefore have similar phase noise. For example, in the configuration
of Fig. 1 above, UC 36 and DC 48 in a given transceiver 32 are provided by LO signals that
are produced by the same LO source 56 and are locked to a common reference clock.

In a given endpoint 24, when the LO signals of the transmitter and receiver in each
transceiver 32 are synchronized to a common reference, the phase offset between the two
transmitters is correlative with the phase offset between the two receivers. Thus, the undesired
phase offset (error component) between the two transmitters of a given endpoint can be
estimated and corrected based on a measurement of the phase difference between the two
receivers of the same endpoint. Note that the measurement is performed on signals in one link
direction (denoted the forward channel), and correction is performed on the signals in the
opposite link direction (denoted the reverse channel).

Consider, for example, the configuration of Fig. 1 above. The baseband signal

produced by the TX modem of station 24A is denoted s. The RF signal transmitted by UC 36
of transceiver 32A can be written as § e , and the RF signal transmitted by UC 36 of

transceiver 32B can be written as §-e’ 2. The difference @, — @, comprises both the desired

beamforming phase and an undesired phase error. The two RF signals are transmitted toward
station 24B.

The channel response between the two antennas of station 24A and the two antennas of
station 24B is defined by four phases denoted ¢;...c,, which are typically determined by the
link geometry. The channel responses between the four possible transmitter-receiver pairs are

given in the following table:



WO 2009/093233 PCT/IL2009/000020

11
32A — 32C /™
32A - 32D o/
32B - 32C e/®
32B — 32D - /%

Let /1 and e/ denote the phase noise that is introduced by the receivers of
transceivers 32C and 32D, respectively. The baseband signal produced by transceiver 32C is

given by
n rn=s -(ej((oﬁal) ) J &M

5 The transmitters of transceivers 32A and 32B and the receiver of transceiver 32C can

be viewed as a dual-transmitter single-receiver system whose channel coefficients are given by
Hl — (ej((ﬂﬁal) + ej((”z +0i3) ) efW]

X +@, ot
](¢1 Pty 2““//1)

o—p,+a,—Q,

— 2
2] =2e cos
2
H = ( eleras) ej(¢z+a4)) eV
2
-(¢1+(02+0‘3+0‘4 y) - . — O
=2e 2 " cos| D %2 i

The phase difference between the baseband signals produced by the receivers of
transceivers 32C and 32D can be written as
10 [3]  Angle(H,-H,")
The method of Fig. 2 begins with demodulator 52 of station 24B measuring the phase
offset between the baseband signals received by the receivers of transceivers 32C and 32D, ata
forward channel phase measurement step 60. For example, the demodulator may track the

phase difference using a differential Phase-Locked Loop (PLL), which evaluates

ay—0s +an

(H-H)) _ ej(——z—fi“i+wl—w2)
ABS(H -H)')

15 [4]

Since the LO signals in the transmitter and receiver in each transceiver are locked to a

common reference, the receive phase noise of a given transmitter is indicative of the transmit
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phase noise of the transceiver. Therefore, the measured differential phase noise between the
two receivers of station 24B is indicative of the differential phase noise between the two
transmitters of the same station.

Using this relationship, demodulator 52 of station 24B calculates a phase correction
factor to be applied to the transmitters of station 24B based on the measured phase difference
between the two received signals, at a correction calculation step 64. When the forward and
reverse channels use different transmission frequencies, the function may account for this
difference, such as by scaling the measured phase difference by the ratio between transmission
frequencies of the forward and reverse channels.

In some embodiments, the phase difference measured between the receivers is
indicative of the overall beamforming phase to be applied to the transmitters, not only of the
correction factor that compensates for the differential phase noise between transmitters. In
these embodiments, the phase difference measured between the receivers accounts for both the
undesired component that is related to phase noise and the phase difference that is related to
the link geometry. For example, when the demodulator calculates the phase correction factor

o —0y +a2 —Qy )

=

as a function of the phase difference given by Equation [4] above, the term €
already accounts for the link geometry. Thus, the measured phase between the receivers of
station 24B can be used to calculate the overall phase difference to be applied between the
transmitters of station 24B.

TX modem 28 of station 24B applies the phase correction calculated at step 64 above,
at a reverse channel correction step 68. The TX modem applies the correction by controlling
the phase difference between the baseband signals provided to the transmitters of transceivers
32C and 32D.

The description above refers to demodulator 52 as performing the correction
calculation. Alternatively, the correction calculation may be carried out by the TX modem of
station 24B based on the measurements performed by the demodulator. In some embodiments,
the joint demodulator and the TX modem are embodied in a single modem, and a processor of
this modem calculates and applies the appropriate correction. Thus, in the context of the
present patent application and in the claims, the joint demodulator (sometimes assisted by the
TX modem) of a given link endpoint is viewed as a phase correction unit, which measures the
phase difference between received signals, calculates the appropriate phase correction and
applies the correction to the transmitted signals in the opposite link direction. The two

receivers and the phase correction unit are viewed as a reception subsystem.
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The process described above enables the modem to compute and apply phase offset
corrections in very short time intervals, and thus provides an extremely fast closed-loop phase
noise correction mechanism.

In alternative embodiments, the phase offset between the received signals can be
measured using any suitable method, and the phase correction to be applied to the transmitters
of the reverse channel can be calculated by applying any suitable function to the phase offset

measured between the received signals.

FREQUENCY/PHASE OFFSET CORRECTION BASED ON PILOT SYMBOLS

Communication systems often use pilot symbols, i.e., symbols whose data is known a-
priori to the receiver. The transmitter inserts pilot symbols into the sequence of transmitted
symbols at known locations, often at regular intervals, and the receiver receives and performs
measurements on the pilot symbols.

In some embodiments of MIMO system 20, TX modem 28 of a given station inserts
pilot symbols into the baseband signals provided to the two transmitters. Joint demodulator 52
of the other station receives and processes the pilot symbols in order to estimate the
beamforming error, i.e., the deviation of the phase offset between the two transmitters from the
optimal value.

Fig. 3 is a diagram that schematically illustrates signals transmitted in system 20, in
accordance with an embodiment of the present invention. The figure shows two baseband
signals 80 and 84, which are produced by TX modem 28 of station 24A. Signal 80 is
transmitted by UC 36 of transceiver 32A, and signal 84 is transmitted by UC 36 of transceiver
32B. Signals 80 and 84 comprise parallel sequences of pilot symbols 88, which are distributed
along the signals.

The pilot symbols are divided into subsets. Each subset comprises a sub-sequence of
pilot symbols, and the different sub-sequences are interleaved with one another along the
signal. Each subset is characterized by the relative phase shift between corresponding pilot
symbols in the two baseband signals (i.e., between the pilot symbols that are transmitted
concurrently in the two signals). In the example of Fig. 3, three subsets are defined: Some of
the corresponding pilot symbols have the same phase (0°,0°), others have a +90° shift
(0°,+90°) and others have a -90° shift (0°,-90°). Symbols other than the pilot symbols (denoted
DATA in the figure) are duplicated in the two baseband signals. The scheme of Fig. 3 can be
implemented, for example, by rotating every second pilot symbol in one of the baseband

signals by +90° or by -90°.
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The TX modem applies a certain beamforming phase to the two baseband signals, and
transceivers 32A and 32B produce and transmit the corresponding RF signals toward station
24B. Transceivers 32C and 32D receive the signals, and joint demodulator 52 of station 24B
performs Maximum Ratio Combining (MRC) on the two received signals to produce‘ a single
composite signal.

As will be shown below, the ratios between the average magnitudes of the pilot
symbols in the different subsets, as measured in the composite signal, are indicative of the
deviation of the beamforming phase used by the transmitters from its optimal value. For
example, when the beamforming phase is optimal, the magnitude of the pilot symbols of the
(0°,+90°) subset will be similar to the magnitude of the pilot symbols of the(0°,-90°) subset,
when measured in the composite signal after MRC.

In some embodiments, joint demodulator 52 of station 24B measures and compares the
average magnitudes of the pilot symbols of the different subsets in the composite signal, and
uses these measurements to estimate the deviation of the beamforming phase from its optimal
value. Equivalently, the demodulator may estimate a phase correction to be applied to the
beamforming phase in order to reach the optimal value. The estimation result is transmitted
over the reverse channel to station 24A, in order to adjust the beamforming phase used by the
transmitters.

Following the notation of Equations [1]-[2] above, assume that beamforming is applied
by multiplying the signal transmitted by transceiver 32B by e™/% wherein o denotes the
beamforming phase. Thus, #; and r (the RY signals received at the antennas of transceivers

32C and 32D, respectively) can be written as

J( +yq) -, +O — )+
7 =2e 2 cos| A =P2 TN "%
2
(5] (At tayta, o
J( +¥5) — @y YO, —0, F O
r, =2e 2 cs(‘p1 P27 % "% )
2

The composite signal produced by demodulator 52 of station 24B is given by
(6] Tuge =Hh + 1l
wherein /; ) and & 2* denote MRC weights. It can be shown that the optimal value of a is given

by

(7] Qopr = _((01 ~¢,t 2
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The beamforming phase can thus be written as

[8] a=0y+6
wherein & denotes the deviation of the beamforming phase from its optimal value. The
composite signal can be written as

I 4 =

MRC
cos o, -4, —(063 —054) —é)COS(aI —a, —(a, -a,) "
5 9] 4 2 4
cos(a3 —-a,—(a,—~a,) —é)cos(% —-a, — (e, —az))
4 2 4

Let p=a, —a, and y =a, —a,. The composite signal can now be written as

Phre =cos((p;w —g]cos(f—%{)
+cos y-¢_9o cos| L=2
[10] 4 2 4

_ cos(u_éj+cos(u_éj m(u)
4 2 4 2 4
or
5 _ 2
[11] I’MRC=4COS(-2—)COS(W4¢)

10 Equation [11] gives the composite signal magnitude during symbols whose phases are

not rotated between the two baseband signals (e.g., in the data symbols and in the pilot
symbols of the (0°,0°) subset). The composite signal magnitude during the rotated pilot
symbols of the (+90°,0°) and (-90°,0°) subsets is given by

2
T 0 w—Q
=4cos| —+— [cos
[12] Fyre rP1 (4 2) ( A j

2
"vre.rp2 = 4cos(%———§—jcos(wg¢)

15 The ratio between the magnitudes of the composite signal over the two subsets of

rotated pilot symbols is given by
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-2sin (é) sin (—7?—)
Fasre, rP1 ~ Vire mP2 _ 2 4 _
[13] Paare oS (é)
2

(e[ 3]

As can be seen in Equation [13], the ratio depends only on the deviation J.

Fig. 4 is a flow chart that schematically illustrates a method for measuring and
correcting beamforming errors in MIMO communication system 20, in accordance with
another embodiment of the present invention. The method begins with TX modem 28 of
station 24A producing two baseband signals, at a baseband signal generation step 90. As
explained above, the baseband signals comprise respective sequences of pilot symbols, which
are divided into subsets or sub-sequences. In each subset, corresponding pilot symbols in the
two baseband signals have a certain phase offset, which differs between different subsets. For
example, in the configuration of Fig. 3 above, three subsets of pilot symbols are defined,
having phase offsets of 0°, +90° and -90°. Alternatively, the phase offsets may comprise 0°,
+¢° and -¢°, for any suitable value of ¢.

Alternatively, any other suitable number of subsets and/or any other suitable set of
phase offsets can be used. The pilot symbols of the different subsets may be distributed over
time in any suitable order or distribution. In some embodiments, the pilot symbols comprise
Quaternary Phase Shift Keying (QPSK) symbols, and the pilot symbols in the different subsets
are rotated by different integer multiples of 90°, such as by +90°. This choice is sometimes
preferable since rotation of QPSK symbols by +90° remains within the QPSK constellation.
Alternatively, the pilot symbols may be selected from any other suitable signal constellation.

The TX modem provides the two baseband signals to transceivers 32A and 32B,
respectively. UC 36 of the transceivers up-convert the baseband signals to RF and transmit the
RF signals toward station 24B, at a transmission step 94.

Station 24B receives the transmitted RF signals, at a reception step 98. Each of
transceivers 32C and 32D receives the transmitted RF signals, and DC 48 of the transceivers
down-convert the received signals to baseband. Joint demodulator 52 of station 24B combines
the two received baseband signals using Maximum Ratio Combining, and produces a

composite signal.
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Demodulator 52 of station 24B measures the absolute magnitudes of the pilot symbols
in the composite signal, at a pilot measurement step 102. The demodulator measures the
average pilot magnitude within each of the pilot symbol subsets defined above. In the
exemplary configuration of Fig. 3, the demodulator calculates three average magnitudes — over
the (0°,0°), (+90°,0°) and (-90°,0°) subsets.

The demodulator then estimates the beamforming phase used by the transmitters (or the
deviation from optimal beamforming phase), based on the measured pilot signal magnitudes,
at a beamforming phase estimation step 106. In some embodiments, the demodulator estimates
the beamforming phase deviation using Equation [13] above. When measuring the absolute

values of the pilot symbol magnitudes, Equation [13] becomes

”rMRC,RPl ” - H”MRC,sz ” —9sin (_Z_) tan (é)

”” MRC ” 2

Alternatively, demodulator 52 may use any other method for estimating the
beamforming phase deviation based on the pilot symbol magnitudes in the different subsets.

Station 24B notifies station 24A of the estimated beamforming phase deviation, at a
feedback step 110. In some embodiments, station 24B transmits the estimation results over the
reverse channel. TX modem 28 of station 24A is notified of the beamforming phase deviation,
and uses this information to adjust the beamforming phase it introduces between the two
baseband signals it produces.

Equivalently, station 24B may provide station 24A with the absolute value of the
desired beamforming phase, a desired correction factor to be applied to the beamforming
phase, or any other indication that enables station 24A to adjust its transmitter beamforming
phase.

Thus, using the method of Fig. 4, station 24A may continuously adapt the beamforming
phase used by its transmitters based on the measurements performed by station 24B. As a
result, station 24A can adaptively direct the transmitted RF signal toward station 24B in the
presence of changes in channel response and phase/frequency deviations in the transmitters or
receivers.

In the description of Figs. 3 and 4, generation of the different baseband signals is
carried out by TX modem 28, and processing of the pilot symbols and estimation of the
beamforming phase is carried out by demodulator 52. Generally, however, the functions of the
TX modem can be carried out by any suitable transmission baseband circuitry, and the

functions of the demodulator can be carried out by any suitable reception baseband circuitry.
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Thus, in the context of the present patent application and in the claims, the TX modem is
regarded as a type of transmission baseband unit, which carries out the functions described
herein. Similarly, the demodulator is regarded as a type of reception baseband unit, which
carries out the functions described herein

Although the description of Figs. 3 and 4 addresses a system in which different
transceivers use different and independent LO signals, this configuration is used purely for the
sake of conceptual clarity. The pilot-based methods described herein are in no way limited to
such system configurations. These methods may be used in other system configurations in
which some or all transceivers in a given station share common LO signals, and/or in system
configurations in which up-conversion and down-conversion in a given transceiver are
performed using independent LO signals.

It will thus be appreciated that the embodiments described above are cited by way of
example, and that the present invention is not limited to what has been particularly shown and
described hereinabove. Rather, the scope of the present invention includes both combinations
and sub-combinations of the various features described hereinabove, as well as variations and
modifications thereof which would occur to persons skilled in the art upon reading the

foregoing description and which are not disclosed in the prior art.
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CLAIMS

1. A communication terminal, comprising:
first and second transmitters, which are coupled to produce respective first and second
Radio Frequency (RF) signals that are phase-shifted with respect to one another by a
beamforming phase offset, and to transmit the RF signals toward a remote communication
terminal; and
a reception subsystem, comprising:
first and second receivers, which are respectively coupled to receive third and
fourth RF signals from the remote communication terminal; and
a phase correction unit, which is coupled to produce, responsively to the third
and fourth RF signals, a phase correction for correcting an error component in the

beamforming phase offset.

2. The terminal according to claim 1, wherein the first and second receivers are
respectively coupled to down-convert the third and fourth RF signals to produce first and
second received signals, and wherein the phase correction unit is coupled to measure a phase
shift between the first and second received signals and to compute the phase correction

responsively to the measured phase shift.

3. The terminal according to claim 2, wherein the phase correction unit comprises a

Differential Phase-Locked Loop (DPLL), which is coupled to measure the phase shift.

4. The terminal according to claim 2, wherein the phase correction umit is coupled to
produce first and second baseband signals that include the phase correction, and wherein the
first and second transmitters are respectively coupled to process the first and second baseband

signals so as to produce the first and second RF signals.

5. The terminal according to any of claims 1-4, wherein the phase correction unit is
coupled to determine a phase shift between the third and fourth RF signals, and to produce the

phase correction proportionally to the measured phase shift.

6. The terminal according to any of claims 1-4, and comprising first and second Local
Oscillator (LO) generation units, which are coupled to produce respective first and second LO
signals that are unsynchronized with one another, wherein the first and second transmitters are
respectively coupled to produce the first and second RF signals using the first and second

unsynchronized LO signals.



10

15

20

25

30

WO 2009/093233 PCT/IL2009/000020
20

7. The terminal according to claim 6, wherein the first and second receivers are coupled
to process the third and fourth RF signals using respectively the first and second
unsynchronized LO signals.

8. The terminal according to any of claims 1-4, and comprising first and second Local
Oscillator (LO) generation units, which are coupled to produce respective first and second LO
signals that are locked to a common reference clock signal, wherein the first and second
transmitters are respectively coupled to produce the first and second RF signals using the first

and second LO signals.

9. The terminal according to claim 8, wherein the first and second receivers are coupled

to process the third and fourth RF signals using respectively the first and second LO signals.

10. A communication system, comprising:

transmission baseband circuitry, which is coupled to produce first and second baseband
signals with a relative beamforming phase therebetween, the first baseband signal comprising a
first sequence of first pilot symbols, and the second baseband signal comprising a second
sequence of second pilot signals, such that each first pilot signal is transmitted concurrently
with a corresponding second pilot signal, wherein each of the first and second sequences
comprises at least first and second interleaved sub-sequences, such that each of the first pilot
symbols in the first sub-sequence has a first phase offset relative to the corresponding second
pilot signal, and each of the first pilot symbols in the second sub-sequence has a second phase
offset, which is different from the first phase offset, relative to the corresponding second pilot
signal; and

first and second transmitters, which are respectively coupled to process the first and
second baseband signals so as to produce and transmit first and second Radio Frequency (RF)

signals.

11.  The system according to claim 10, and comprising:

first and second receivers, which are respectively coupled to receive first and second
combinations of the first and second transmitted RF signals and to produce respective first and
second received signals; and

reception baseband circuitry, which is coupled to combine the first and second received
signals to produce a composite signal, to measure respective first and second magnitudes of
the pilot symbols belonging to the first and second sub-sequences in the composite signal, to
process the first and second magnitudes so as to compute the relative beamforming phase, and

to provide the beamforming phase to the transmission baseband circuitry.
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12.  The system according to claim 11, wherein the reception baseband circuitry is coupled

to combine the first and second received signals by élpplying Maximum Ratio Combining
(MRC).

13. The system according to claim 10, wherein the first phase offset comprises ¢ degrees,
wherein the second phase offset comprises -¢ degrees, and wherein each of the first and second
sequences further comprises a third sub-sequence, such that each of the first pilot symbols in

the third sub-sequence has no phase offset with respect to the corresponding second pilot

signal.

14. A communication terminal, comprising:

first and second receivers, which are respectively coupled to receive first and second
combinations of first and second Radio Frequency (RF) signals transmitted from respective
first and second transmitters, and to process the first and second combinations to produce
respective first and second received signals,

wherein the RF signals have a relative beamforming phase therebetween, the first RF
signal comprising a first sequence of first pilot symbols, and the second RF signal comprising
a second sequence of second pilot signals, such that each first pilot signal is transmitted
concurrently with a corresponding second pilot signal, wherein each of the first and second
sequences comprises at least first and second interleaved sub-sequences, such that each of the
first pilot symbols in the first sub-sequence has a first phase offset relative to the
corresponding second pilot signal, and each of the first pilot symbols in the second sub-
sequence has a second phase offset, which is different from the first phase offset, relative to
the corresponding second pilot signal; and

a modem, which is coupled to combine the first and second received signals to produce
a composite signal, to measure respective first and second magnitudes of the pilot symbols
belonging to the first and second sub-sequences in the composite signal, to process the first
and second magnitudes so as to compute the relative beamforming phase, and to provide the

beamforming phase to the first and second transmitters.

15. A method for communication, comprising:

producing first and second Radio Frequency (RF) signals that are phase-shifted with
respect to one another by a beamforming phase offset;

transmitting the first and second RF signals toward a remote communication terminal;

receiving third and fourth RF signals from the remote communication terminal; and
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processing the third and fourth RF signals so as to produce a phase correction for

correcting an error component in the beamforming phase offset.

16.  The method according to claim 15, wherein processing the third and fourth RF signals
comprises down-converting the third and fourth RF signals to produce respective first and
second received signals, measuring a phase shift between the first and second received signals

and computing the phase correction responsively to the measured phase shift.

17 The method according to claim 16, wherein measuring the phase shift comprises
applying a Differential Phase-Locked Loop (DPLL).

18.  The method according to claim 16, wherein computing the phase correction comprises
producing first and second baseband signals that include the phase correction, and wherein
producing the first and second RF signals comprises up-converting the respective first and

second baseband signals so as to produce the first and second RF signals.

19.  The method according to any of claims 15-18, wherein processing the third and fourth
RF signals comprises determining a phase shift between the third and fourth RF signals, and

producing the phase correction proportionally to the measured phase shift.

20.  The method according to any of claims 15-18, wherein producing first and second RF
signals comprises producing the first and second RF signals using respective first and second

Local Oscillator (LO) signals that are unsynchronized with one another.

21.  The method according to claim 20, wherein processing the third and fourth RF signals
comprises down-converting the third and fourth RF signals using respectively the first and

second unsynchronized LO signals.

22.  The method according to any of claims 15-18, wherein producing first and second RF
signals comprises producing the first and second RF signals using respective first and second

Local Oscillator (LO) signals that are locked to a common reference clock signal.

23.  The method according to claim 22, wherein processing the third and fourth RF signals
comprises down-converting the third and fourth RF signals using respectively the first and

second LO signals.

24. A method for communication, comprising:

producing first and second baseband signals with a relative beamforming phase

therebetween, the first baseband signal comprising a first sequence of first pilot symbols, and

the second baseband signal comprising a second sequence of second pilot signals, such that
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each first pilot signal is transmitted concurrently with a corresponding second pilot signal,
wherein each of the first and second sequences comprises at least first and second interleaved
sub-sequences, such that each of the first pilot symbols in the first sub-sequence has a first
phase offset relative to the corresponding second pilot signal, and each of the first pilot
symbols in the second sub-sequence has a second phase offset, which is different from the first
phase offset, relative to the corresponding second pilot signal;

processing the first and second baseband signals so as to produce and transmit first and
second Radio Frequency (RF) signals;

receiving first and second combinations of the first and second transmitted RF signals
s0 as to produce respective first and second received signals;

combining the first and second received signals to produce a composite signal, and
measuring respective first and second magnitudes of the pilot symbols belonging to the first
and second sub-sequences in the composite signal; and

processing the first and second magnitudes so as to compute the relative beamforming

phase.

25. The method according to claim 24, wherein combining the first and second received

signals comprises applying Maximum Ratio Combining (MRC).

26.  The method according to claim 24, wherein the first phase offset comprises ¢ degrees,
wherein the second phase offset comprises -¢ degrees, and wherein each of the first and second
sequences further comprises a third sub-sequence, such that each of the first pilot symbols in
the third sub-sequence has no phase offset with respect to the corresponding second pilot

signal.

27. A method for communication, comprising:

receiving first and second combinations of first and second Radio Frequency (RF)
signals transmitted from respective first and second transmitters, and processing the first and
second combinations to produce respective first and second received signals, wherein the RF
signals have a relative beamforming phase therebetween, the first RF signal comprising a first
sequence of first pilot symbols, and the second RF signal comprising a second sequence of
second pilot signals, such that each first pilot signal is transmitted concurrently with a
cotresponding second pilot signal, wherein each of the first and second sequences comprises at
least first and second interleaved sub-sequences, such that each of the first pilot symbols in the

first sub-sequence has a first phase offset relative to the corresponding second pilot signal, and
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each of the first pilot symbols in the second sub-sequence has a second phase offset, which is
different from the first phase offset, relative to the corresponding second pilot signal;
combining the first and second received signals to produce a composite signal, and
measuring respective first and second magnitudes of the pilot symbols belonging to the first
and second sub-sequences in the composite signal; and
processing the first and second magnitudes so as to compute the relative beamforming

phase.
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FIG. 2
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FIG. 4
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|

MEASURE MAGNITUDE OF COMBINED PILOT SYMBOLS (~—102

|

ESTIMATE BEAMFORMING PHASE DEVIATION BASED |
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|
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