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(57) Abstract: The disclosure relates to a cluster detection device ( 400 ) for detecting
clusters in a beam-formed transmission, the cluster detection device comprising: a re-
ceiver (401), configured to receive a radio signal comprising time- frequency re-
sources, wherein the time-frequency resources comprise a plurality of reference signals
(402); a delay profile detector (403), configured to detect a set of delay profiles (400)
based on frequency-direction filtering of the plurality of reference signals (402); a
Doppler profile detector (405), configured to detect a set of delay-Doppier profiles
(406) based on time-direction filtering of the set of delay profiles (404); and a cluster
detection postprocessor (407), configured to derive a set of cluster parameters ( 408 )
from the set of delay-Doppler profiles (406).
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DEVICE BND METHOD FOR DETECTING CLUSTERS IN BEAMFORMED
TRANSMISSION

FIELD
[0001] The disclosure relates to a device and method for
detecting clusters in a beam—formed transmissicn, in
particular cluster detection for sparse channel estimation in
4G and 5G mobile networks. The disclosure further relates to
a method for generating a window for filtering a plurality of

reference signals comprised in a radio signal.

BACEKGROUND
[0002] Centimeter—- and millimeter-wave communication deals
with difficult channels characterized by high path loss,
nultipath propagation, and blocking. Massive MIMO
peamforming (BF) not only compensates for the path loss
but also mitigates multipath in the sense that the beamn-
formed channel, that may be represented by the cascade of
transmitter beamformer, physical channel and receiver
beamformer “reduces” to an eguivalent sparse channel,
typically comprising the LOS path 101 and a few reflected
NLOS paths 102, 103 or clusters as illustrated in Figures
1 and 2, where each cluster is characterized by a cluster
power, delay/Doppler shift (possibly large), and a small
delay/Doppler spread.

[0003] It may thus be desirable to provide a technigue for
improving communications in such environments as described

above,

BRIEF DESCRIPTION OF THE DRAWINGS
{0004] The accompanying drawings are included to provide a

further understanding of aspects and are incorporated in and
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constitute a part of this specification. The drawings
illustrate aspects and together with the description serve to
explain principles of aspects. Other aspects and many of the
intended advantages of aspects will be readily appreciated as
they become better understood by reference to the following
detailed description. Like reference numerals designate

corresponding similar parts.

[0008] Fig. 1 is a schematic diagram illustrating a sparse
beam-formed channel comprising the LOS path 101 and a few

reflected NLOS paths 102, 103 or clusters.

[0006] Fig. 2 is a delay-Doppler diagram illustrating the
clusters 101, 102, 103 of Fig. 1 in a delay-Doppler plane.

[0007] Fig. 3 is a schematic diagram of time fregquency

resources 300 including a reference symbol pattern 310.

[0008] Fig. 4 is a block diagram of an exemplary cluster

detection device 400.

[0008] Fig. 5 is a block diagram of a sparse channel
estimation device 500 including the cluster detection device

of Fig. 4.

[0010] Fig. & is a block diagram of an exemplary cluster
detection device 600 as an embodiment of the cluster

detection device 400 of Fig. 4.

[0011] Fig. 7 is a time diagram illustrating iterative

cluster detection process 700 according to the disclosure.
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[0012] Figs. 8a, 8b, 8c, 8d, Be, 8f are exemplary cluster
power profiles obtained after various iterations of the

iterative cluster detection process 700 of Fig. 7.

[0013] Figs. %a, %b, %c¢, 9d, %e, 91 are exemplary cluster
estimates estimated from the respective power profiles of

Figures 8a, 8b, 8c, 84, fe, 8f.

[0014] Fig. 10 is a block diagram of an exemplary cluster
detection device 1000 as an embodiment of the cluster

detection device 400 of Fig. 4.

[0015] Fig. lla is a diagram 1100a illustrating exemplary
frequency window coefficients 1101 for a frequency window of

the cluster detection device of Fig. 10.

[0016] Fig. 1lb is a diagram 1100b illustrating a transfer

function for 1102 the frequency window of Fig. 1lla.

[0017] Fig. 12a is a diagram 1200a illustrating exemplary
time window coefficients 1201, 1202, 1203, 1204 fcor a time

window of the cluster detection device of Fig. 10.

[0018] Fig. 12b is a diagram 1200b illustrating transfer
functions 1211, 1212, 1213, 1214 for the time windows of Fig.
12a.

[0019] Fig. 13 is a diagram 1300 illustrating pass-/stopband
energy ratios for an optimal frequency or time window 1301
according to Figures lla, 1lb and 12a, 12b and for a

rectangular window 1302.
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[0020] Fig. 14 is a schematic diagram illustrating a method

for cluster detection 1400 according to the disclosure.

[0021] Fig. 15 is a schematic diagram illustrating a method
1500 for generating a window for filtering a plurality of
reference signals comprised in a radio signal according to

the disclosure.

[0022] Figs. 16a, 16k and léc are performance diagrams 1600a,
1600b, 1600c illustrating the MSE {mean sgquare error)
performance for cluster detection and sparse channel
estimation according to the disclosure for different

clustered channels.

DETAILED DESCRIPTION
[0023] In the following detailed description, reference is
made to the accompanying drawings, which form a part thereof,
and in which is shown by way of illustraticn specific aspects
in which the invention may be practiced. It is understood
that other aspects may be utilized and structural or lcogical
changes may be made without departing from the scope of the
present invention. The following detailed description,
therefore; is not to be faken in a limiting sense, and tThe
scope of the present invention is defined by the appended

claims.

[0024] The following terms, abbreviations and notations will

be used herein:

ES: Reference Signal,
RE: Resource Element,
RB: Resource Block,

PRB: Physical Resource Block,
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IGPP: 3rd Generation Partnership Project,

LTE: Long Term Evolution,

LTE=A: LTE Advanced, Release 10 and higher versions of
3GPP LTE,

4G: fourth generation network according to 3GPP,

5G: fifth generation network according to 3GPP,

RE: Radio Fregquency,

UE: User Equipment, mobile terminal, mobile device

SINR: signal-te-interference and noise ratic,

RB: resource block, e.g., a resource block in freguency

direction times slot in time direction,

CEDM: Orthogonal Freguency Division Multiplex,
NodeB,

eNB: base station, radio cell,

IRC: Interference Rejection Combining,

() ICIC: {enhanced) Inter-Cell Interference Coordination,
MIMO: Multiple Input Multiple Output,

CE: Channel Estimation,

BF: Beamforming,

MEE: Mean square error,

LOS: Line of sight,

NLOS: Non-line of sight,

DC: Direct current or component at zero Hertz,
DET: Discrete Fourlier Transform,

IDET: Inverse Discrete Fourier Transform.

[0025] The methods and devices described herein may be based
on resource blocks, in particular resource blocks received
from radio cells, and clusters. It is understood that
commenits made in connection with a described method may also
hold true for a corresponding device configured to perform
the method and vice versa. For example, 1f a specific method

step 1s described, a corresponding device may include a unit
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to perform the described method step, even if such a unit is
not explicitly described or illustrated in the figures.
Further, it is understood that the fesatures of the wvarious
exemplary aspects described herein may be combined with each

other, unless specifically noted otherwise.

[0026] The methods and devices described herein may be
implemented in wireless communication networks, in particular
communication networks based on mobile communication
standards such as LTE, in particular LTE-A and/or OFDM. The
methods and devices described below may further be
implemented in a base station (NodeB, eNodeB) or a mobile
device {or mobile station or User Eguipment (UE)). The
described devices may include integrated circuits and/or
passives and may be manufactured according to various
technologies. For example, the circuits may be designed as
logic integrated circuits, analog integrated circuits, mixed
signal integrated circuits, optical circuits, memory circuits

and/or integrated passives.

[0027] The methods and devices described herein may be
configured to transmit and/or receive radic signals. Radio
signals may be or may include radioc frequency signals
radiated by a radio transmitting device (or radio transmitter
or sender) with a radio freguency lying in a range of about 3
Hz to 300 GHz. The freguency range may correspond Lo
frequencies of alternating current electrical signals used to

produce and detect radio waves.

[0028] The methods and devices described herein after may be
designed in accordance to mobile communication standards such
as e.g. the Long Term Evoluticn (LTE] standard or the

advanced version LTE-A therecof. LTE (Long Term Evolution),



WO 2017/167491 7 PCT/EP2017/053125

marketed as 4G, 5G LTE and beyond, 1s a standard for wireless
communication of high-speed data for mobile phones and data

terminals.

[0029] The methods and devices described hereinafter may be
applied in OFDM systems. OFDM is a scheme for encoding
digital data on multiple carrier frequencies. A large number
of closely spaced orthogonal sub-carrier signals may be used
to carry data. Due to the orthogonality of the sub=carriers

crosstalk between sub-carriers may be suppressed.

[0030] The methods and devices described hereinafter may be
applied in interference aware receivers such as IRC
{(Interference Rejection Combining) receivers. IRC is a
technigque that may be used in an antenna diversity system to
suppress co-channel interference by using the cross
covariance between the noise in diversity channels. The IRC
receiver may be based on a minimum mean sguare error (MMSE)
criterion, which may require channel estimation and cluster

detection as described hereinafter.

[0031] The methods and devices described hereinafter may be
applied in MIMO systems and beamforming devices. Multiple-
input multiple-cutput (MIMO) wireless communicaticn systems
employ multiple antennas at the transmitter and at the
receiver to increase system capacity and to achieve better
guality of service. In spatial multiplexing mode, MIMO
systems may reach higher peak data rates without increasing
the bandwidth of the system by transmitting multiple data
streams in parallel in the same frequency bkand. Beamforming
devices can be used to form the signal streams transmitted or

received over antenna arrays. Such MIMO systems and
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beamforming devices may include channel estimation and

cluster detection as described hereinafter.

{00321 The methods and devices described hereinafter may be
applied in 4G and 5G networks and radio signals including
different kinds of time-frequency resources, for examples
radic resources as illustrated in Fig. 3 which illustrates a
schematic diagram of time frequency resources 300 including a
reference symbol pattern 310. The time frequency resources
300 may include a plurality of rescurce blocks 301, 302, 303,
304, 305, 306, 307, 308 for transporting user and control
data. Some of these rescource blocks may include reference

symbols 310 that may be used for channel estimation.

[0033] Fig. 4 is a block diagram of an exemplary cluster
detection device 400. The cluster detection device 400
includes a receiver 401, a delay profile detector 403, a
Doppler profile detector 405 and a cluster detection

postprocessor 407.

[G034] The receiver 401 is configured to receive a radio
signal comprising time-fregquency resources, ©.g. time
fregquency resources 300 as described above with respect to
Fig. 3, wherein the time-frequency resources comprise a
plurality of reference signals. The delay profile detector
403 is configured to detect a set of delayv profiles 400 based
on freguency-direction filtering of the plurality of
reference signals 402, e.g. frequency-direction filtering as
described below with respect to Figures 5, & and 7. The
Doppler profile detector 403 is configured to detect a set of
delay-Doppler profiles 406 based on time-direction filtering
of the set of delay profiles 404, e.g. time-direction

filtering as described below with respect to Figures 5, 6 and
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7. The cluster detection postprocessor 407 is configured to
derive a set of cluster parameters 408 from the set of delay-
Doppler profiles 406, e.g. as described below with respect to

Figures 5, 6 and 7.

[0035] The delay profile detector 403 may include an Inverse
Discrete Fourier Transform (IDFT) unit, e.g. an IDFT unit
10032 as described below with respect to Fig. 10, to perform

the freguency-direction filtering.

[0036] The Doppler profile detector 405 may include a
Discrete Fourier Transform (DFT) unit, e.g. a DFT unit 1009
as described below with respect to Fig. 10, to perform the

time-direction filtering.

[0037] The delay profile detector 405 may include a frequency
window unit, e.g. a unit 1001 as described below with respect
to Fig. 10, arranged before the IDFT unit 1003, configured to
window the plurality of reference signals 402 by a frequency
window, e.g. a frequency window as described below with

respect to Fig. 11.

[0038] The Doppler profile detector 405 may include a time

window unit, e.g. a unit 1007 as described below with respect
to Fig. 10, arranged before the DFT unit 1009, configured to
window the set of delay profiles 404 by a time window, e.g. a

time window as described below with respect to Fig. 12Z.

[0039] The time window and/or the frequency window may have a
passband defined by a single point at zero and a stopband
defined by symmetric real-valued coefficients around the

zero, e.g. as described below with respect to Figs. 10 to 12.
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The coefficients of the stopband may be configured so as to

minimize the energy of the stopband.

[0040] The Doppler profile detector 405 may be configured to
iteratively detect the set of delay-Doppler profiles 406
based on at least one iteration of frequency-direction
filtered reference signals. In a first iteration the Doppler
profile detector 405 may be configured to detect the set of
delay-Doppler profiles 406 based on a single reference

signal.

[0041] The cluster detection device 400 may include a memory,
e.g. a memory 1005 as described below with respect to Fig.
10, coupled between the delay profile detector 403 and the
Doppler profile detector 405. The memory 1005 may be
configured to store the set of delay profiles 404.

[0042] The time-frequency resources may be arranged in a
plurality of resource blocks, e.g. resource bleocks 301, 302,
303, 304, 305, 306, 307, 308 as depicted in Fig. 3. The delay
profile detector 403 may be configured to process the

plurality of reference signals 402 on a resocurce block basis.

[0043] The set of cluster parameters 408 may include a number
of clusters and for each cluster: a power level, a delay
shift and a Doppler shift, e.g. as described below with
respect to Figs 6 to 10.

[0044] The cluster detection postprocessor 407 may include a
power detector, e.g. a power detector 1013 as described below
with respect to Fig. 10, configured to detect a power of the

set of delay-Doppler profiles 406 based on power averaging.
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[0045] The cluster detection postprocessor 407 may include a
threshold detection unit, e.g. a threshold detection unit 609
as described below with respect to Fig. &, configured to
detect entries of the set of delay-Doppler profiles 406 which
are above a threshold. The threshold may depend on a signal-
to-noilse ratio of the set of delay-Doppler profiles 406. The
cluster detection postprocessor 407 may be configured to
assign the entries of the set of delay-Doppler profiles 406,
which are above the threshold, to clusters. The cluster
assignment may be based on relative distances of the entries
of the set of delay-Doppler profiles 406 which are above the
threshold.

[0046] Fig. 5 is a block diagram of a sparse channel
estimation device 500 including the cluster detection device
400 of Fig. 4. The sparse channel estimation device 500
includes the cluster detection device 400 describked above
with respect to Fig. 4, a sparse channel estimation device
503 and a demodulation unit 505 and a decoding unit 507. The
cluster detection device 400 detects cluster parameters 408
such as number of clusters, c¢luster powsery, cluster delay
shift and cluster Doppler shift based on evaluating an RS
pilot reference signal 402. These cluster parameters 408 are
input to the sparse channel estimation device 503 for channel
estimation and performing frequency filtering and time
filtering. The estimated channel 1s used by the demcdulation
unit 505 to demodulate the received paylcad 502 and by the
decoding unit 507 to decode the demodulated payload 506.

[0047] Fig. © is & block diagram of an exemplary cluster
detection device 600 as an embodiment of the cluster

detection device 400 of Fig. 4.
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[0D48] The cluster detection device 600 includes a cluster
profile detection module 603 including a delay profile
detector 403 and a Doppler profile detector 405 as
described above with respect to Fig. 4 and a detection
postprocessor 407 as described above with respect to Fig.

4.

[0049] The cluster profile detection module 603 may
perform generation of 2D delay/Doppler profile sstimates

P, 406 from the set of input RS 402 pertaining to a

resource block. Preferably, this may be a two-step
process: A frequency-direction processing may be

configured to compute sets of 1D delay profiles P, 404

from input RS-0FDM 402, a time-direction processing may be

configured to compute 2D delay/Doppler profiles P, 406

from a series of 1D delay profiles 404 obtained in the

first step.

[0050] The cluster detection postprocessor 407 may perform

detection of clusters and estimation of thelr parameters

{prwrmjj 408 from delay/Doppler profiles P,, P, 404, 406

generated by the cluster profile detection module 603.

This may be an iterative process as illustrated in Fig. 7.

[0051] Fig. 7 is a time diagram illustrating iterative
cluster detection progess 700 according to the disclosure.

In an acguisition phase 701, based on the first delay
profile P, 404 a first cluster parameter estimate &%wﬁmi}

may be generated and used to initialize sparse CE

filtering. In a tracking phase 702, 703, refined cluster

e

, o 2 4
parameter estimates W,.p.7./f. |, may be generated, as
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further delay/Doppler profiles P, 406 become available,

and used to update sparse CE filtering, e.g. the sparse
channel estimator 502 as described above with respect to

Fig. 5.

[00B2] Figs. 8a, 8b, Bc, 8d, 8e, Bf are exemplary cluster
power profiles obtalined after various iterations of the
iterative cluster detection process 700 of Fig. 7. Figs. %a,
9b, 9c, 9d, 9%e, 9f are exemplary cluster estimates estimated
from the respective power profiles of Figures 8a, 8b, 8¢, 8d,

Be, 8f.

[0053] In Figures € and %, the detection of four clusters
with power levels [0,-10,-20,-301dB, in terms of cluster

profiles Pﬁ (Figs. Ba, &b, 8c, 8d, 8e, 8f) and detected
clusters nmx@@x) (Figs. %a, %b, 9%9c, 9d, %e, 9f) is

illustrated. Deriving cluster parameters directly from

nmxﬁgﬂ was found sufficient and used in simulations (see

FPigs. 16a, 16b, 16c). The first estimate {N..p.7.| produced
by acquisition N,=1 (see Figures 8a, 9a) exhibits high
delay resolution and thus enables sparse CE freguency
filtering from the onset. Time filtering may initially be
non-sparse with large Doppler spread. In order for
initialization to be as robust as possible, resource blocks

should be sufficiently wide in frequency direction,

preferably hosting N, 216 pilots. Further estimates

bﬁ”ﬁwﬁmﬁhﬁwpxoduced by tracking for N,=2,4,.. (see Figures

8b-f and 9b-f) are more robust with increased Doppiler
resolution, thus enabling increasingly sharp sparse CE

time filtering until the end of the resource block.
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[0054] Fig. 10 is a block diagram of an exemplary cluster
detection device 1000 as an embodiment of the cluster
detection device 400 of Fig. 4. The cluster detection device
1000 includes a delay profile detecteor 403, a memory 1005 and
a Doppler profile detector 405. The delay precfile detectoer
403 is coupled to a Doppler profile detector 405 by the
memory 1005, The delay profile detector 403 includes a
fregquency window unit 1001 and an IDET unit 1003. A reference
signal y 402 received by the delay profile detector 403 is
freguency windowed by the frequency window unit 1001 and
transformed by the IDFT unit 1003 into delay domain

(corresponding to time domain) to obtain a set of delay

profiles 7, 404 which are stored in the memory 1005. A power

detector 1011 detects a power of the set of delay profiles
404 based on power averaging to obtain a delay power profile

P,.

[0055] The Doppler profile detector 405 includes a time
window unit 1007 and a DFT unit 1009. A delay profile 404
retrieved from the memory 1005 is time windowed by the time
window unit 1007 and transformed by the DFT unit 1009 into
Doppler domain {corresponding to frequency domain) to obtain
a set of delay-Doppler profiles 406. A power detector 1013

detects a power of the set of delay-Doppler profiles T, 406

based on power averaging to obtain a delay-Doppler power

profile P,.

[0056] Both power detectors 1011, 1013 may be implemented in

a postprocessor {(not depicted in Fig. 10).

[0057] In the following an exanple for performing cluster

profile detection is described. Considering the worst case
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(single antenna, MIMO laver, resource block), the

<

demodulated RS y,,=h,+n,, sample the sparse channel (N,

clusters with gains a,, delays 7., Doppler f.)

N, . .
hy =2 acexpl= j2af,r, Jexpli2m, /) (Eq. 1)
at RS positions (k-th subcarrier frequency f,, /-1t OFDM

symbol time ). Small cluster delay/Doppler spreads within

a resource block are not modeled but accounted for in

sparse CE filtering.

[00858] Assuming (without loss of generality) a regular RS

pattern, the received RS may be collected per resource

block in a matrix hﬁ“ny with N, rows (RS per OFDM) and

N; columns (# RS-OFDM). In an exemplary embodiment as

described above with respect to Fig. 7, RS vectors ¥,.¥i..-

are processed sequentially based on a) frequency-direction

processing and b} time-direction processing.

[0059] In freguency-direction processing, from sach RS

vector y, a 1D delay profile T, and delay power profile

P, are computed by frequency windowing and transfer to

delay domain, i.e.,

TfmIDFTwaoy) and Pf:]}OCUMCﬁ) (Eg. 2)

[0060] In time-direction processing, from a number N, of

delay profiles hf 'fﬂj accumulated, 2D delay/Doppler

profiles T,, P, are computed by time windowing and transfer

Ji

to Doppler domain:

DFT&W?Q&O““QTN'”Tﬁ&D»

T = DFT(W?O(I'DWN, ([Tf}iu.’lif‘,f‘»g )) e = ceoni(T,) (5. 3
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[0061L] The ability to discriminate between clusters of
very different power levels is greatly dependent on
windowing, in particular, the window filter stopband
response. FIR filters may be designed via power spectrum.
In this disclosure, pass-~ and stopband responses are not
specified in terms of signal levels; rather, the passband
is reduced to a single point (DC), a stopband frequency e,
near DC 1s defined and the energy 1s minimized across the

entire stopband for any window length N, as described in

the following.

[0062] Considering symmetric power spectra about DC
{shifts in delay/Doppler domains are taken care of by the
IDFT/DETY, the window coefficients must be real-valusd and

symmetric about zero:
w"'vz[F"' rT]/JZE=[r-[/...i3§i3...rL]/x/§, (Eg. 4)
so it suffices to optimize the length-L=N/2 vector r (N

even). From its frequency response R@ﬂ‘}jﬂﬁzuﬁwhﬂ@kﬂ' the

3,

pass- and stopband energies EﬁtL%W@J%ﬁ“ 1;:£1{M@fdm are

evaluated as

E,=r'Pr with  [p] 2sin((i-mo,) 2sin((r+m-1)o,) (Eg. 5a)

o (m=#n)

. { sin(2[n ~ 1;'2%@r Vln-12]+ 20, (m=n)
(nwm) (n+m~])

sin(2(n - 1/2)w,)
) 2(}1’ gl ) "—“—W (ﬂ? = I?)
e 5 sin{(n - m)w, ) 5 sin((n+m -1, )
(nwm) (n+m——l)

E =r'Sr with [s].. (Eg. 5b)

(m = n)

[0063] Via eigenanalysis [V,A]=eig(S) with ascending
eigenvalues AﬂszgL%P“HM), the stopband energy can be
expressed as

E(r)=r'Sr=r'VA-Vir=x"Ax with x= Vr and r=Vx (Eg. 6)
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[00€4] Observing the constraint XTX=], this expression 1is

minimized by choosing x,, =[10...0] . Hence,

o

E

5 min

= A smallest eigenvalue (BEg. 7a)

Y, =V respective eigenvector (Eq. Tb)

from which the optimal window coefficients w,, are readily

obtained {(see Eq. 4).

[0065] From each delay/Doppler profile P, (see Eg. 3),
cluster detection postprocessing may determine a set of
cluster parameters {AQJ%;Q,C}- An exemplary embodiment

comprises 1) threshold detection, 2) cluster parameter

estimation and 3) an optional plausibility check.

[0066] 1) threshold detection operates as follows: find

entries Pgmamﬂ3ﬁ>9ﬂnmxﬁ}» of P, above a certain level

{threshold Sﬁ favorably depending on the SNR (e.g., —-SNR-

10 dB) and also N,, N,), identify ﬁhregi@ﬂs P, sufficiently

different from one another and (tentatively) declare these

as clusters.

[0067] 2} cluster parameter estimation operates as

o

follows: for each of the N, clusters, estimate its

parameters, e.g., by deriving coarse estimates directly

A

from the peaks: pﬁzﬂmxﬁgﬁL (ﬁhﬁ)=mgnmx&gﬁL deriving fine

estimates from the peak and i1ts neighbors, e.g., by
computing the center of gravity or expleoiting the known

shapes of frequency/time windows (see Figures 11, 12).



WO 2017/167491 18 PCT/EP2017/053125

[0068] 3} plausibility check {(optional) operates as
follows: check detection result in order to weed ocut ghost

clusters.

[0069] Figures 11, 12 and 13 display optimal freguency-
and time window coefficients w,,w, and their transfer

functions for resocurce block RS sizes Nf:24, N=1{4, 8, 16,
32}, as well as the pass-/stopband energy ratio E}/ES

versus cutoff frequency jf . Optimal windowing makes Epﬁ&
rise steeply with jy (rect windowing does not) at the expense
of a wider main lobe. The choice f=1.8/RS spacing was found

to be a good tradeoff between main lobe width (<4/RS spacing)
and energy ratio (~40dB). In the ocuter stopband regions, the
attenuation R(0)/R(w) is even higher (~50dB, Fig. 11 left/
center), which helps further suppressing crosstalk between

clusters spaced farther apart. The freguency- and time
window coefficients w,,w, may be applied for the frequency

window and the time window of the cluster detection device of
Fig. 10, e.g. as freguency window for the fregquency window

unit 1001 and as time window for the time window unit 1007.

[0070] Fig. 14 is a schematic diagram illustrating a method
1400 for detecting clusters in a beamformed transmission

according toe the disclosure.

[0071] The method 1400 includes receiving 1401 a radio signal
comprising time-frequency resources, wherein the time-
frequency resources comprise a plurality of reference
signals, e.g. as described above with respect to Figure 4.
The method 1400 includes detecting 1402 a set of delay
profiles based on frequency-direction filtering of the

plurality of reference signals, e.g. as described above with
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respect to Figure 4. The method 1400 includes detecting 1403
a set of delay-Doppler profiles based on time-direction
filtering of the set of delay profiles, e.g. as described
above with respect to Figure 4. The method 1400 includes
deriving 1404 a set of cluster parameters from the set of
delay-Doppler profiles, e.g. as described above with respect

to Figure 4.

[0072] The freguency-direction filtering 1402 may include
Inverse Discrete Fouriler Transform (IDFT) filtering the
plurality of reference signals. The time-direction filtering
1403 may include Discrete Fourier Transform (DET) filtering

the set of delay profiles.

[0073] The method may include windowing the plurality of
reference signals by a frequency window before the frequency-
direction filtering 1402; and windowing the set of delay
profiles by a time window before the time-direction filtering

1403.

[0074] The set of cluster parameters may include a number of
clusters and for each cluster: a power level, a delay shift

and a Doppler shift.

[0078] Fig. 15 is a schematic diagram illustrating a method
1500 for generating a window for filtering a plurality of
reference signals comprised in a radio signal according to

the disclosure.

[0076] The method 1500 includes generating 1501 a set of
symmetric real-valued window coefficients around zero, e.g.
as described above with respect to Figure 10. The method 1500

includes generating 1502 a fregquency response of the set of
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window coefficients, e.g. as described above with respect to
Figure 10. The method 1500 includes generating 1503 a
stopband energy from the frequency response of the set of
window coefficients in a matrix representation, e.g. as
described above with respect to Figure 10. The method further
includes adijusting 1504 the set of symmetric real-valued
window coefficients such that the stopband energy is

minimized, e.g. as described above with respect to Figure 10.

[0077] The method 1500 may further include performing an
eigenanalysis of the stopband energy to obtain a set of
eigenvalues. The method 1500 may further include deriving
optimal window coefficients from a smallest eigenvalue of the
set of eigenvalues. The method 1500 may further include
receiving a radio signal comprising time-frequency resources,
wherein the time-frequency resources comprise a plurality of
reference signals; and detecting a set of delay-Doppler
profiles in a transmission of the radio signal based on
fregquency-direction filtering and time-direction filtering of
the plurality of reference signals by using the optimal

window coefficients.

[0078] Figs. 16a, 16b and 1léc are performance diagrams 1600a,
1600b, 1600c illustrating the MSE (mean sguare errorj
performance for cluster detection and 2x1D sparse channel
estimation acceording to the disclosure for different
clustered channels. The number of clusters is Ne=2 (Fig.
16¢), 3 (Fig. 16b), 5 (Fig. 16a). Resource block RS sizes
are Nf=24 and Nt={1, 8, lé, 32}.

[00T78] The MSE for cluster detection according to the
disclosure is close to that obtained with ideal knowledge

of clusters (1D 1602 wvs 1601, 2D 1605 ws 1le604). 1D sparse



WO 2017/167491 21 PCT/EP2017/053125

frequency filtering (acguisition) is superior to 1D and
even 2D Wiener filtering by large marginse {(up to 8 and 5
dB, respectively). 2D sparse frequency+time filtering
(tracking) yields additional gains which are largest for
longest time filtering and smallest number of clusters,

but sparse CE 1s still superior for as many as 5 clusters.

[0080] Sparse channel estimation benefits from advanced
cluster detection in many respects: Channel cluster
detection according to this disclosure is close to
optimal, given the limited size of the cbservation (RS
symbols). Clusters of large dynamic range (from strong LOS
to NLOS well below the noise level) can be identified
reliably over the whole SNR range. Cluster detection based
on relatively few reference symbols is feasible, enabling
fast acguisition via one-shot 1D cluster detection from a
single RS-OFDM symbol. This meets the stringent 5G latency
requirements and procures initialization of cluster
detection tracking. Cluster detection and CE
reconfiguration can be activated on demand, i.e., only for
those resource blocks whose bheam-formed cluster parameters
change significantly. Cluster detection is backwards
compatible with legacy channel estimation: delay/Doppler
spreads can readily be deduced from the detected

delay/Doppler channel energy map.

[0081] The cluster detection device according to the

disclosure provides a reliable cluster detection, i.e. all
N, relevant clusters having an impact on sparse CE

performance, including weak clusters (below the noise
level) are detected; non-existing or irrelevant clusters

(far below the nolse level) are rejected; reliable
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detection over the entire S5NR range, in particular, large

SNR is achieved.

[0082] The cluster detection device according to the

disclosure provides an accurate cluster parameter

estimation, i.e. power levels p., delay shifts 7., and

Doppler shifts f, of all clusters detected are estimated.

[0083] The cluster detection device according to the
disclosure can handle dyvnamic clustering caused by
selective beamforming, UE mobility, and millimeter-wave
channel blocking (rapid birth/death of clusters) by
adaptive per-rescurce-block detection using relatively few
reference symbols and no or little prior channel

information.

[0084] The cluster detection device according to the
disclosure exhibits low latency and moderate complexity,

i.e. not exceeding that of CE filtering.

[0085] The methods, systems and devices described herein may
be implemented as software in a Digital Signal Processor
(DSP), in a micro-controller or in any other side-processor
or as hardware circuit on a chip or within an application

specific integrated circuit (ASIC).

[0086] Embodiments described in this disclosure can be
implemented in digital electronic circuitry, or in computer
hardware, firmware, software, or in combinations thereof,
e.g. in available hardware of mobile devices or in new
hardware dedicated for processing the methods described

herein.



WO 2017/167491 23 PCT/EP2017/053125

[G08T7] The present disclosure also supports a computer
program product including computer executable code or
computer executable instructions that, when executed, causes
at least one computer to execute the performing and computing
blocks described herein, in particular the methods 1400 and
1500 as described above with respect to Figs. 14 and 15. Such
a computer program product may include a readable storage
medium storing program code thereon for use by a processor,
the program code comprising instructions for performing any

of the method 1400, 1500 blocks as described above.

EXAMPLES

[0088B] The following examples pertain to further embodiments.
Example 1 is a cluster detecticon device for detecting
clusters in a beam-formed transmission, the cluster detection
device comprising: a receiver, configured to receive a radio
signal comprising time-frequency resources, wherein the time-
freguency resources comprise a plurality of reference
signals; a delay profile detector, configured to detect a set
of delay profiles based on frequency-direction filtering of
the plurality of reference signals; a Doppler profile
detector, configured to detect a set of delay-Doppler
profiles based on time-direction filtering of the set of
delay profiles; and a cluster detection postprocessor,
configured to derive a set of cluster parameters from the set

of delay-Doppler profiles.

[0089] In Example 2, the subject matter of Example 1 can
optionally include that the delay profile detector comprises
an Inverse Discrete Fourier Transform (IDFT) unit te perform

the frequency-direction filtering.
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[0090] In Example 3, the subject matter of Example 2 can
optionally include that the Doppler profile detector
comprises a Discrete Fourier Transform (DFT) unit to perform

the time-direction filtering.

[0091] In Example 4, the subject matter of Example 3 can
optionally include that the delay profile detector comprises
a fregquency window unit arranged before the IDET unit,
configured to window the plurality of reference signals by a

freguency window.

[0092] In Example 5, the subject matter of Example 4 can
optionally include that the Doppler profile detector
comprises a time window unit arranged before the DFT unit,
configured to window the set of delay profiles by a time

window.

[0093] In Example 6, the subject matter of Example 5 can
optionally include that at least one of the time window or
the frequency window has a passband defined by a single point
at zero and a stopband defined by symmetric real-valued

coefficients around the zero.

[0094] In Example 7, the subject matter of Example & can
opticnally include that the coefficients of the stopband are

configured so as to minimize an energy of the stopband.

[0095] In Example 8, the subject matter of any cone of
Examples 1-7 can optionally include that the Doppler profile
detector is configured to iteratively detect the set of
delay-Doppler profiles based on at least one iteration of

frequency-direction filtered reference signals.
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[0086] In Example 92, the subject matter of Example & can
optionally include that in a first iteration the Doppler
profile detector is configured to detect the set of delay-

Doppler profiles based on a single reference signal.

[0087] In Example 10, the subject matter of any one of
Examples 1-9 can optionally include a memory, coupled between
the delay profile detector and the Doppler profile detector,
wherein the memory is configured to store the set of delay

profiles.

[0098] In Example 11, the subject matter of any one of
Examples 1-10 can optionally include that the time-freguency
resources are arranged in a plurality of resource blocks and
the delay profile detector is configured to process the

plurality of reference signals on a resource block basis.

[0088] In Example 1Z, the subject matter of any one of
Examples 1-11 can opticnally include that the set of cluster
parameters comprises a number of clusters and for each

cluster: a power level, a delay shift and a Doppler shift,

[0100] In Example 13, the subject matter of any one of
Examples 1-12 can optionally include that the cluster
detection postprocessor comprises a power detector,
configured to detect a power of the set of delay-Doppler

profiles based on power averaging.

[0101] In Example 14, the subject matter of Example 13 can
optionally include that the cluster detection postprocessor
comprises a threshold detecticon unit, configured to detect
entries of tThe set of delay-Doppler profiles which are above

a threshold.
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[0102] In Example 15, the subject matter of Example 14 can
optionally include that the threshold depends on a signal-to-

noise ratio of the set of delay-Doppler profiles.

[0103] In Example 16, the subject matter of any one of
Examples 14-15 can optionally include that the cluster
detection postprocessor is configured to assign the entries
of the set of delav-Doppier profiles, which are above the

threshold, to clusters.

[0104] In Example 17, the subject matter of Example 16 can
opticnally include that the cluster assignment is based on
relative distances of the entries of the set of delay-Doppler

profiles which are above the threshold.

[0105] Example 18 is a method for detecting clusters in a
peamformed transmission, the methoed comprising: receiving a
radio signal comprising time-freguency resources, wherein the
time-frequency resources comprise a plurality of reference
signals; detecting a set of delay profilles based on
frequency-direction filtering of the plurality of reference
signals; detecting a set of delay-Doppler profiles based on
time-direction filtering of the set of delay profiles; and
deriving a set of cluster parameters from the set of delay-

Doppler profiles.

[0106] In Example 19, the subject matter of Example 18 can
opticnally include that the freguency-direction filtering
comprises Inverse Discrete Fourler Transform (IDFT) filtering
the plurality of reference signals; and that the time-
direction filtering comprises Discrete Fourier Transform

(DFT) filtering the set of delay profiles.
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[0107] In Example 20, the subject matter of Example 19 can
optionally include: windowing the plurality of reference
signals by a frequency window before the frequency-direction
filtering; and windowing the set of delay profiles by a time

window before the time-direction filtering.

[0108] In Example 21, the subject matter of any one of
Examples 18~20 can optionally include that the set of cluster
parameters comprises a number of clusters and for esach

cluster: a power level, a delay shift and a Doppler shift.

[0109] Example 22 is a method for generating a window for
filtering a plurality of reference signals comprised in a
radio signal, the method comprising: generating a set of
symmetric real-valued window coefficients; generating a
frequency response of the set of window coefficients;
generating a stopband energy from the frequency response of
the set of window coefficients in a matrix representation;
and adijusting the set of symmetric real-valued window

coefficients such that the stopband energy is minimized.

[0110] In Example 23, the subject matter of Example 2Z can
optionally include performing an eigenanalysis of the

stopband energy to obtain a set of eigenvalues.

[0111] In Example 24, the subject matter of Example 23 can
optionally include deriving optimal window coefficients from

a smallest elgenvalue of the set of eigenvalues.

[0112] In Example 25, the subject matter of any one of
Examples 22-24 can opticnally include: receiving a radio

signal comprising time-fregquency rescurces, wherein the time-
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frequency resources comprise a plurality of reference
signals; and detecting a set of delay-Doppler profiles in a
transmigsion of the radio signal based on frequency-direction
filtering and time-direction filtering of the plurality of

reference signals by using the coptimal window coefficients.,

[0113] Example 26 1s & computer readable non-transitory
medium on which computer instructions are stored which when
executed by a computer, cause the computer to perform the

method of one of Examples 18 to 25,

[0114] Example 27 is a device for detecting clusters in a
beamformed transmission, the device comprising: means for
receiving a radio signal comprising time-freguency resources,
wherein the time-freguency resources comprise a plurality of
reference signals; means for detecting a set of delay
profiles based on frequency-direction filtering of the
plurality of reference signals; means for detecting a set of
delay-Doppler profiles based on time-direction filtering of
the set of delay profiles; and means for deriving a set of

cluster parameters from the set of delay-Doppler profiles.

[0115] In Example 28, the subject matter of Example 27 can
optionally include that the means for frequency-direction
filtering comprises means for Inverse Discrete Fourier
Transform (IDFT) filtering the plurality of reference
signals; and that the means for time-direction filtering
comprises means for Discrete Fourier Transform (DET)

filtering the set of delay profiles.

[01168] In Example 29, the subject matter of Example 28 can
optionally include means for windowing the plurality of

reference signals by a frequency window before the freguency-
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direction filtering; and means for windowing the set of delay
profiles by a time window before the time-direction

filtering.

[0117] In Example 30, the subject matter of any one of
Examples Z27-28 can optionally include that the set of cluster
parameters comprises a number of clusters and for each

cluster: a power level, a delay shift and a Doppler shift.

[0118] Example 31 1s a device for generating a window for
filtering a plurality of reference signals comprised in a
radio signal, the device comprising: means for generating a
set of symmetric real-valued window coefficients; means for
generating a frequency response of the set of window
coefficients; means for generating a stopband energy from the
frequency response of the set of window coefficients in a
matrix representation; and means for adjusting the set of
symmetric real-valued window coefficients such that the

stopband energy is minimized.

[0118] In Example 32, the subject matter of Example 31 can
optionally include means for performing an eigenanalysis of

the stopband energy to obtain a set of eigenvalues.

{0120] In Example 33, the subject matter of Example 32 can
optionally include means for deriving optimal window
coefficients from a smallest eligenvalue of the set of

eigenvalues.

[0121] In Example 34, the subject matter of Example 32 can
optionally include means for receiving a radio signal
comprising time-freguency resources, wherein the time-

frequency resources comprise a plurality of reference
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signals; and means for detecting a set of delay-Doppler
profiles in a transmission of the radio signal based on
frequency-direction filtering and time-direction filtering of
the plurality of reference signals by using the optimal

window coefficlents.

[0122] Example 35 is a cluster detection circuit for
detecting clusters in a beam-formed transmission, the cluster
detection circuit comprising: a receiver circuit, configured
to receive a radio signal comprising time-frequency
resources, wherein the time-frequency resources comprise a
plurality of reference signals; a delay profile detector
circuit, configured to detect a set of delay profiles based
on frequency-direction filtering of the plurality of
reference signals; a Doppler profile detector circuit,
configured to detect a set of delay-Doppler profiles based on
time-direction filtering of the set of delay profiles; and a
cluster detection circuit, configured to derive a set of

cluster parameters from the set of delay-Doppler profiles.

[0123] In Example 36, the subiject matter of Example 35 can
opticnally include that the delay profile detector circuit
comprises an Inverse Discrete Fourier Transform (IDET)

circuit to perform the frequency-direction filtering.

[0124] Example 37 is a cluster detection system for detecting
clusters in a beam—formed transmission, the cluster detection
system comprising: a receiver subsystem, configured to
receive a radio signal comprising time-frequency resources,
wherein the time-frequency resources comprise a plurality of
reference signals; a delay profile detector subsystem,
configured to detect a set of delay profiles based on

frequency-direction filtering of the plurality of reference
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signals; a Doppler profile detector subsystem, configured to
detect a set of delay-Doppler profiles based on time-
direction filtering of the set of delay profiles; and a
cluster detection subsystem, configured to derive a set of

cluster parameters from the set of delay-Doppler profiles,

[0125] In Example 38, the sublject matter of Example 37 can
optionally include that the delay profile detector subsystem
comprises an Inverse Discrete Fourier Transform (IDEFT) unit

to perform the freguency-direction filtering.

[0126] In Example 39, the subject matter of Example 38 can
optionally include that the Doppler profile detector
subsystem comprises a Discrete Fourier Transform (DFT) unit

to perform the time-direction filtering.

[0127] In Example 40, the subject matter of Example 39 can
optionally include that the delay profile detector subsystem
comprises a frequency window unit arranged before the IDFT
unit, configured to window the plurality of reference signals

by a frequency window.

[0128B] In addition, while a particular feature cr aspect of
the invention may have been disclosed with respect to only
one of several implementations, such feature or aspect may be
combined with one or more other features or aspects cof the
other implementations as may be desired and advantageocus for
any given or particular application. Furthermore, to the
extent that the terms "include™, "have", "with", or cther
variants thereof are used in either the detailed description
or the claims, such terms are intended to be inclusive in a
manner similar to the term "comprise". Furthermore, 1t 1s

understcood that aspects of the invention may be implemented
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in discrete circuite, partially integrated circults or fully
integrated circuits or programming means. Also, the terms
"exemplary"”, "for example" and "e.g." are merely meant as an

example, rather than the best or optimal.

[0128] Although specific aspects have been illustrated and
described herein, it will be appreciated by those of ordinary
skill in the art that a variety of alternate and/or
equivalent 1lmplementations may be substituted for the
specific aspects shown and described without departing from
the scope of the present invention. This application is
intended to cover any adaptations or variations of the

specific aspects discussed herein.
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CLAIMS

1. A cluster detection device for detecting clusters in a
beam~formed transmission, the cluster dstection device
comprising:

a receiver, configured to recelve a radio signal
comprising time-freguency resources, wherein the time-
freguency resources comprise a plurality of reference
signals;

a delay profile detector, configured to detect a set of
delay profiles based on frequency-direction filtering of the
plurality of reference signals;

a Doppler profile detector, configured to detect a set
of delay-Doppler profiles based on time-direction filtering
of the set of delay profiles; and

a cluster detection postprocesscr, configured to derive
a set of cluster parameters from the set of delay-Doppler

profiles.

2. The cluster detection device of claim 1,
wherein the delay profile detector comprises an Inverse
Discrete Fourier Transform (IDFT)} unit to perform the

fregquency-direction filtering.

3. The cluster detection device of claim 2,
wherein the Doppler profile detector comprises a
Discrete Fourier Transform (DFT) unit to perform the time-

direction filtering.

4, The cluster detection device of claim 3,
wherein the delay profile detector comprises a frequency

window unit arranged before the IDFT unit, configured to



WO 2017/167491 34 PCT/EP2017/053125

window the plurality of reference signals by a freguency

window.

5, The gluster detection device of claim 4,
wherein the Doppler profile detector comprises a time
window unit arranged before the DFT unit, configured to

window the set of delay profiles by a time window.

6. The cluster detection device of claim 5,

wherein at least cone of the time window or the freguency
window has a passband defined by a single point at zero and a
stopband defined by symmetric real-valued coefficients about

the zero.

7. The cluster detection device of claim 6,
wherein the coefficients of the stopband are configured

50 as to minimize an energy of the stopband.

8. The cluster detection device of claim 1 or 2,

wherein the Doppler profile detector is configured to
iteratively detect the set of delay-Doppler profiles based on
at least one iteration of fregquency-direction filtered

reference signals.

9. The cluster detection device of claim 8,
wherein in a first iteration the Doppler profile
detector 1s configured to detect the set of delay-Doppler

profiles based on a single reference signal.

10. The cluster detection device of claim 1 or Z,

comprising:
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a memory, coupled between the delay profile detector and
the Doppler profile detector; wherein the memory is

configured to store the set of delay profiles.

11. A method for detecting clusters in a beamformed
transmission, the method comprising:

recelving a radic signal comprising time-frequency
resources, wherein the time-frequency resources comprise a
plurality of reference signals;

detecting a set of delay profiles based on frequency-
direction filtering of the plurality of reference signals;

detecting a set of delay-Doppler profiles based on time-
direction filtering of the set of delay profiles; and

deriving a set of cluster parameters from the set of

delay-Doppler profiles.

12. The methed of claim 113,

wherein the frequency-direction filtering comprises
Inverse Discrete Fourier Transform (IDFT) filtering the
plurality of reference signals; and

wherein the time-direction filtering comprises Discrete

Fourier Transform {(DFT) filtering the set of delay profiles.

132. The method of claim 12, comprising:

windowing the plurality of reference signals by a
frequency window before the fregquency-direction filtering:
and

windowing the set of delay profiles by a time window

before the time-directicon filtering.

14. The metheod of claim 11 or 12,
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wherein the set of cluster parameters comprises a number
of clusters and for each cluster: a power level, a delay

shift and a Doppler shift.

15. A method for generating a window for filtering a
plurality of reference signals comprised in a radio signal,
the method comprising:

generating a set of symmetric real-valued window
coefficients about zero;

generating a frequency response of the set of window
coefficients;

generating a stopband energy from the frequency response
of the set of window coefficients in a matrix representation;
and

adjusting the set of symmetric real-valued window

coefficients such that the stopband energy is minimized.

l6. The methed of claim 15, comprising:
performing an eigenanalysis of the stopband energy to

obtain a set of eigenvalues.

17. The method of claim 16, comprising:
deriving optimal window coefficients from a smallest

eigenvalue of the set of eigenvalues.

18. The method of claim 15 or 16, comprising:

receiving a radio signal comprising time-freguency
resources, wherein the time-frequency resources comprise a
plurality of reference signals; and

detecting a =zset of delay-Doppler profiles in a

transmissicon of the radio signal based on
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frequency-direction filtering and time-direction filtering of
the plurality of reference signals by using the optimal

window coefficients.

19. A computer readable non-transitory medium on which
computer instructions are stored which when executed by a
computer, cause the computer to perform the method of cne of

claims 11 to 18.

20. A device for detecting clusters in a beamformed
transmission, the device comprising:

means for recelving a radic signal comprising time-
frequency resources, wherein the time-frequency resources
comprise a plurality of reference signals;

means for detecting a set of delay profiles based on
frequency-direction filtering of the plurality of reference
signals;

means for detecting a set of delay-Doppler profiles
based on time-direction filtering of the set of delay
profiles; and

means for deriving a set of cluster parameters from the

set of delay-Doppler profiles.

21. The device of claim 20,

wherein the means for frequency-direction filtering
comprises means for Inverse Discrete Fourier Transform (IDFT)
filtering the plurality of reference signals; and

wherein the means for time-direction filtering comprises
means for Discrete Fourier Transform (DFT) filtering the set

of delay profiles.
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22. A cluster detection circult for detecting clusters in a
beam-formed transmission, the cluster detesction circuit
comprising:

a recelver clrcuit, configured to receive a radio signal
comprising time-frequency resources, wherein the time-
frequency resources comprise a plurality of reference
signals;

a delay profile detector circuit, configured to detect a
set of delay profiles based on frequency-direction filtering
of the plurality of reference signals;

& Doppler profile detector circuit, configured to detect
a set of delay-Doppler profiles based on time-direction
filtering of the set of delay profiles; and

a cluster detection circuit, configured to derive a set

of cluster parameters from the set of delay-Doppler profiles.

23. The cluster detection circuilt of claim 22,
wherein the delay profile detector circult comprises an
Inverse Discrete Fouriler Transform (IDFT) circuit to perform

the frequency-direction filtering.

24, A cluster detection system for detecting clusters in a
beam~formed transmission, the cluster detection system
comprising:

a receiver subsystem, configured to receive a radio
signal comprising time-freguency resources, wherein the time-
fregquency resources comprise a plurality of reference
slignals;

a delay profile detector subsystem, configured to detect
a set of delay profiles based on frequency~direction

filtering of the plurality of reference signals;
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a Doppler profile detector subsystem, configured to
detect a set of delay-Doppler profiles based on time-
direction filtering of the set of delay profiles; and

a cluster detection subsystem, configured to derive a
set of cluster parameters from the set of delay-Doppler

profiles.

25. The cluster detection system of claim 24,
wherein the delay profile detector subsystem comprises
an Inverse Discrete Fourler Transform (IDFT) unit to perform

the fregquency-direction filtering.
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