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The Three Axes of 5G

mMTC
Throughput scaling laws
Massive random access

URLLC
Short codes
User-centric access
Fog-processing

eMBB
Massive MIMO
CRAN
Dense SBS/RRH
mmWave Comm

• 5G should significantly expand the performance targets in (at least) these
three directions.
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The Three Axes of 5G

mMTC
Throughput scaling laws
Massive random access

URLLC
Short codes
User-centric access
Fog-processing

eMBB
Massive MIMO
CRAN
Dense SBS/RRH
mmWave Comm

• 5G will significantly expand the performance targets in (at least) these three
directions.

• We specifically focus on eMBB.
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Coming of Age for HetNets

• A “rainforest” network architecture: concentrate bandwidth and resource
where it is needed.
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• A “rainforest” network architecture: control plane for coverage.
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Coming of Age for HetNets

Data

Data

• A “rainforest” network architecture: data plane via local high-rate access.
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The Beam Alignment Problem
Illustration of initial access problem

I Macrocell - microwave freq,
Femtocell - mm wave

I Handover from macro to
femto

I Brute force beam-alignment
requires: NM beam-searches

I Similar problem with
shadowing/blockage of
MPCs

I Several iterative/hierarchical
schemes proposed to reduce
overhead at cost of accuracy.

Figure: Illustration of initial access
problem

42 / 50
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Current Approach: Beam Sweeping
2. Beamformed Cell Discovery in 5G Millimeter Wave Communication
Networks

AP

UE

Mm-wave

beam scan
Mm-wave

cell discovery

Figure 2.2: Illustration of a single cell standalone mm-wave network with one AP.
Only one UE is shown.

2.2.2 Blockage and Propagation Model

Incorporating the blockage model to differentiate the LOS and non-line-of-sight

(NLOS) link is a distinctive characteristic for analyzing the mm-wave network per-

formance, compared to the analysis in traditional sub-6 GHz networks. Authors

in [38, 65, 67] take advantage of “external localization service” to get the position

information of UE provided by e.g. using GPS. Deviated from most of these works,

where cell discovery is only applied to LOS paths, we also take into account estab-

lishing NLOS links.

We assume that buildings act as propagation blockages for the broadcast of cell

discovery signals from the AP. Based on that, the link state between AP and UE is

determined to be either LOS or NLOS by considering whether any buildings intersect

the direct path between Tx (AP) and Rx (UE). To incorporate the LOS/NLOS

state into our system model, we adopt the d1/d2 model in [75, 76, 77], where the

link between Tx and Rx at distance d in meters is determined to be LOS or NLOS

according to the LOS probability p(d):

p(d) = min

✓
d1

d
, 1

◆
(1 � e�d/d2) + e�d/d2 . (2.1)

The pathloss for the beam formed by the AP to broadcast cell discovery signals

20
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Current Approach: Beam Sweeping

2. Beamformed Cell Discovery in 5G Millimeter Wave Communication
Networks

in each slot, can be denoted and obtained as S = N
M

under the assumption that M

is a divisor of N .

To broadcast the cell discovery signal to UEs in each scan area, the correspond-

ing beam that scans this area maintains a certain duration for delivering the cell

discovery information. We assumed that in each slot, the simultaneously formed

beams will maintain identical duration, which is the beam duration mentioned in

the previous section, to deliver the information to UEs located in the correspond-

ing areas. Note that these slots are separated by GIs reserved for beam switching

in the case of hybrid or analog beamforming [83]. These GIs are specifically used

for beam switching and other GIs reserved for e.g., (orthogonal frequency-division

multiplexing) OFDM symbol, physical channels, and downlink/uplink transmission,

are also considered and not addressed here.The AP periodically scans the cell via

angular probing in the beacon phase within each frame, and maintains the order of

the beams among different frames, namely the beam scans the same area of the cell

during the same slot of each frame.

Beacon Data

Slot #1 GI Slot #2 GI Slot #S GI...

T

Time

Figure 2.4: Frame structure including a beam scan phase.

As shown in Fig. 2.4 as an example, the entire cell area is covered by eight

beam scan areas, where within slot #1, two Tx beams are scanning the two flat

oval-shaped green-filled areas (first and fifth beam), and the duration of the scan

is the beam duration. Then, the beam rotates and scans the subsequent areas

clockwise, two-by-two, with the same duration in each scan area pairs. Obviously in

the illustrated example, the beacon phase is partitioned into four slots to cover the

entire cell (namely S = 4), and within each slot, two beams are formed to convey

24

• The UE is essentially omnidirectional.

• What if BF gain and directional Tx/Rx is required also at the UE?

10
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Current Approach: Beam/Sector Sweeping

IEEE Communications Magazine • December 2014 133

tors significantly smaller than those of legacy
Wi-Fi at 2.4/5 GHz. 

A sector focuses antenna gain in a certain
direction. Communicating nodes thus have to
agree on the optimal pair of receive and trans-
mit sectors to optimize signal quality and
throughput. This process, referred to as beam-
forming training, takes advantage of the dis-
cretized antenna azimuth that reduces the search
space of possible antenna array configurations.
After a first sector matching, a second beam
training stage allows further refinement of the
found sectors. During this stage, antenna weight
vectors that vary from predefined sector patterns
can be evaluated to further optimize transmis-
sions on phased antenna arrays. While in general
higher antenna gain is desirable, it imposes
stronger directionality and a higher number of
narrow antenna sectors. This increases coordina-
tion overhead to adapt the antenna steering
between communicating nodes, and it has been
shown that link budget loss by misalignment
increases with directionality [5].

Figure 1 shows an example for two nodes
communicating over virtual IEEE 802.11ad sec-
tors. The highlighted selection of sectors that
matches the LOS direction may offer the opti-
mum link quality in the absence of blocking
obstacles.

IEEE 802.11AD DEVICE CLASSES
AND USE CASES

Communication in the mm-Wave band enables
extremely high throughput at short-ranges (< 10
m), with high potential for spatial reuse. Thus,
not only does it suit typical Wi-Fi usage, it also
expands the uses of Wi-Fi to other application
areas. Among these areas are wireless transmis-
sions of high definition video, wireless docking

stations, connection to wireless peripherals, or
high-speed download of large media files.

To meet the requirements for these novel use
cases, the IEEE 802.11ad standard allows for a
broad variety of directional multi-gigabit (DMG)
devices ranging from energy constrained hand-
held equipment with low complexity antennas
(1–4 antenna elements) to stationary access
points with multiple antenna arrays and perma-
nent power supply. Table 1 shows typical config-
urations for several device classes. It states the
number of sectors that correlates with range and
throughput, differences between receive and
transmit direction, and special traffic characteris-
tics for every class. Furthermore, the expected

Figure 1. Virtual antenna sectors.

Table 1. Typical device configurations.

Device Antenna 
sectors

Expected
range (m)

Expected maxi-
mum through-
put (Gb/s)

Traffic type Antenna
arrays

AP, docking sta-
tion 32 to 64 20 7 Bursty traffic on down-

link £ 3

Wireless periph-
eral (hard drive,
memory stick)

£ 4 0.5 to 2 4.6 Bursty 1

Wireless display,
TV 32 to 64 5 to 10 7 Continuous, RX more

important £ 2

Notebook 16 to 32 5 to 10 4.6 to 7 Various, symmetric TX
and RX £ 2

Tablets 2 to 16 2 to 5 4.6 Various, symmetric TX
and RX 1

Smartphone,
handheld, cam-
corder, camera

£  4 0.5 to 2 1.2 to 4.6

Various, symmetric TX
and RX, TX more
important for video
streaming devices

1
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omnidirectional transmissions are avoided as
they are severely limited in range.

The beamforming phase is split into two sub-
phases. First, during the sector-level sweep
(SLS), an initial coarse-grained antenna sector
configuration is determined. This information is
used in a subsequent optional beam refinement
phase (BRP), which fine-tunes the selected sec-
tors. During SLS each of the two stations trains
either its transmit antenna sector or the receive
antenna sector. When devices are capable of
reasonable transmit antenna gain, the most com-
mon choice is to train only transmit sectors dur-
ing SLS and derive receive antenna configuration
during a following BRP. Fully refined transmit
and receive sectors at both sides of a link allow
multi-gigabit-per-second speeds to be reached
over ranges up to 10 m.

This section explains the general approach to
beamforming introduced in the IEEE 802.11ad
standard. The beamforming concept allows a sig-
nificant amount of implementation-dependent
customization and has a variety of optional fea-
tures. Therefore, we first focus on the mandato-
ry SLS phase followed by a description of the
mandatory parts of the BRP.

SECTOR-LEVEL SWEEP PHASE
During the SLS, a pair of stations exchanges a
series of sector sweep (SSW) frames (or beacons
for transmit sector training at the PCP/AP) over
different antenna sectors to find the one provid-
ing the highest signal quality. During the SLS,
each station acts once as a transmitter and once
as a receiver of a sweep, as shown in Fig. 5. The
station that transmits first is called the initiator,
the second the responder. Both initiator and
responder sweep can be used in two different
ways, as depicted in Fig. 6. During a transmit
sector sweep (TXSS), shown in the left part of
the figure, frames are transmitted on different
sectors while the pairing node receives with a
quasi-omnidirectional pattern. To identify the
strongest transmit sector, the transmitter marks
every frame with an identifier for the used anten-
na and sector. During a receive sector sweep
(RXSS), shown in the right part of Fig. 6, trans-
mission on the same sector (best known sector)
allows to test for the optimum receive sector at
the pairing node. Overall, there are four possible
sweep combinations for an SLS. Transmit sector
sweeps at both initiator and responder receive
sector sweeps at both stations, initiator RXSS
and responder TXSS, and initiator TXSS and
responder RXSS. 

The achieved optimum SNR and, in the case
of a TXSS, the sector and antenna identifier are
reported to the pairing node. SLS feedback fol-
lows the structure described in Fig. 5.

Feedback for the initiator is carried by every
frame of the responder sector sweep, which
ensures reception under still unknown optimum
antenna configuration. The feedback for the
responder is transmitted with a single SSW
Feedback frame on the determined optimum
antenna configuration. Finally, the SSW Feed-
back frame is acknowledged with an SSW-ACK
by the responder. The last frame is further used
to negotiate the details of a following BRP.

If two stations have sufficient transmit anten-
na gain, their SLS phase can be realized as pure
transmit sector training, with the receive sector
training postponed to a following BRP. Devices
with few antenna elements have to add antenna
gain at the receiver side in order to achieve suf-
ficient link budget to establish a link. Thus, these
devices are likely to include a receive sector
sweep in their part of the SLS.

The initiator can request that a receive sector
sweep be done by the responder by specifying
the number of receive sectors to train during the
initiator sweep. When the initiator sweep is a
receive sector training, additional signaling has
to precede the SLS, as described later.

THE BEAM REFINEMENT PROTOCOL PHASE
The BRP refines the sectors found in the SLS
phase. These sectors are determined using het-
erogeneous quasi-omnidirectional antenna pat-
terns and may have suboptimal signal quality.
Furthermore, the BRP foresees optimization of
antenna weight vectors, independent of the pre-
defined sector patterns, for phased antenna
arrays. This can yield additional throughput gains
while increasing the beam training search space.
Even though free variation of the antenna weight
vectors can result in arbitrary antenna patterns,
the directional nature remains for antenna con-
figurations that yield high throughput. Thus, the
training process for predefined directional sec-
tors and antenna weight vector optimization
remains the same. Finally, the BRP is used to
train receive antenna configurations in case this
was not part of the preceding SLS. Multiple
optional pattern refinement mechanisms are
defined for the BRP and are out of scope of this
article. We focus on the mandatory beam refine-
ment transactions, an iterative process in which
both initiator and responder can request training
for receive or transmit antenna patterns.

A BRP transaction evaluates a set of direc-
tional transmit or receive patterns against the
best known directional configuration at the pair-
ing node. Thus, the imperfection of quasi-omni-
directional patterns is avoided. As the BRP
relies on a preceding SLS phase, a reliable frame
exchange is ensured, and different antenna con-
figurations can be tested throughout the same
frame. This severely reduces transmission over-
head in contrast to the SLS, where a full frame
is necessary to test a sector. To sweep antenna
configurations throughout a frame, transmit and
receive training fields (TRN-T/R) are appended
to the frames exchanged during BRP transac-
tions. Each field is transmitted or received with

Figure 5. Sector-level sweep.

SSW-ACK

SSW Feedback

Responder sector sweep

Initiator sector sweep

Initiator

Responder

...

...F F F

F Frame containing feedback

F

F
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• Sector sweeping with interactive refinement (bisection).
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Important THz Channel Characteristics (1)
§ High propagation path loss, high frequency selectivity and specular spatial propagation

path distribution

§ Counter-measurement necessary: high gain directive antenna or massive MIMO

§ Similar power-angular spectra (PAS) of different frequencies
§ The path distribution depends mainly on scenario, not frequency.
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Important THz Channel Characteristics (2)
§ Sparse channel impulse response (CIR)
§ The number of paths is independent of bandwidth.
§ The time resolution increases with bandwidth.

Measured CIR with channel sounder Propagation paths
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“Coherent” Compressed Sensing Approach

• The N ×M channel matrix time-varying impulse response can be written as

H(t, τ) =

L∑

l=1

hlb(φl)a
H(θl)e

j2πνltδ(τ − τl)

• Applying Fourier Transform w.r.t. the delay variable τ we have the time-
varying channel matrix transfer function

H(t, f) =

L∑

l=1

hlb(φl)a
H(θl)e

j2πνlte−j2πτlf
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“Coherent” Compressed Sensing Approach

• With suitable discretization of the 4-dim domain (θ, φ, t, f) we arrive at an
approximately sparse representation.
• Using pilot signals we take noisy measurements of such sparse channel and

using compressed sensing we can estimate the channel with a relatively
small number of pilot dimensions.
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“Coherent” Compressed Sensing Approach

• Sampling the channel in the dual domain:

Angle⇔ antennas;
Delay⇔ frequency;
Doppler⇔ time.

• Particular, for negligible Doppler we take measurements of the type:

yi,j,k(t) = vH
j (t)H(t, k∆f)uj(t) + noise

where ui,vj are beam probing directions and k∆f is the k-th subcarrier of
an OFDM grid.
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“Coherent” Compressed Sensing Approach

• Accumulating several of such measurements over several beacon time slots,
one can form a so-called MMV problem (exploiting the fact that the sparsity
support of the coefficient vectors remains the same over several time slots
(common sparsity).
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MMV: L_{2,1}-regularized Least Squares 
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Drawback of coherent CS

• Good sampling in the antenna domain implies nearly isotropic power
spreading (no power directional concentration).

• It is difficult to implement with Hybrid Analog-Digital (HDA) beamforming.

• It is fragile to the time variations over the slots due to Doppler.

• The main problem is that it tries to do two things at the same time: guessing
the right directions for BF and estimating the full channel matrix.
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Proposed Approach: Only Energy Measurements

1

Beam Alignment in mm-Wave Massive MIMO
Systems

Saeid Haghighatshoar, Member, IEEE, Giuseppe Caire, Fellow, IEEE

Abstract—Millimeter-wave (mm-Wave) cellular systems are
a promising option for a very high data rate communication
because of the large bandwidth available at mm-Wave frequen-
cies. To compensate the large path-loss exponent in the mm-
Wave range of the spectrum, directional beamforming with
a large antenna gain at both the user side and base-station
side is necessary; this boost the signal-to-noise ratio to a level
suitable for reliable communication. However, designing such
a directional beam-forming requires a reliable estimate of the
channel state, e.g., dominant direction-of-arrival and direction-
of-departure at the base-station and user; this is especially
challenging due to the very low SNR, and is pretty overlooked
in the previous studies of mm-Wave channels.

In this paper, we propose an adaptive sampling scheme
to speed up this estimation procedure. In our scheme, the
beamforming vector for taking every new sample, either at
the base-station or user side, is adaptively selected based
on all the previous beamforming vectors and the resulting
output observations. We formulate the problem in the well-
known setting of optimal design of experiments in statistics. We
also propose simple suboptimal strategies and evaluate their
efficiency empirically via numerical simulations.

I. INTRODUCTION

Two key capacity-increasing techniques proposed for fu-
ture massive MIMO cellular networks including 5G will be
network densification and the use of higher frequency bands
such as millimeter wave (mm-Wave) [1, 2]. The main chal-
lenges to using mm-Wave frequencies are their high near-
field path-loss (due to small effective antenna aperture) and
very poor penetration into buildings due to the large path-
loss exponent in this range of the spectrum [3]. As a result,
a very large array with many number of antennas, providing
a very large beamforming gain, both at the user side and at
the base-station (BS) side is necessary in order to boost the
signal-to-noise ratio (SNR) to a level that is sufficient for
reliable communication. A natural consequence of having
high path-loss in the channel and applying highly directional
transmissions at both sides is that the inter-user interference
due to the users inside the same cell is greatly reduced,
such that, in most cases, mm-Wave channels turn out be
noise- rather than interference-limited [4, 5]; this provides
a big advantage compared with the sub-6 GHz networks.
The drawback, as already noticed by many researchers, is
that the characteristics of the mm-Wave scattering channel
makes the channel estimation and acquisition much more
challenging that the sub-6 GHz counterpart.

We focus, here, on a massive MIMO scheme [6–9], in
which uplink (UL) and downlink (DL) are organized in Time
Division Duplexing (TDD), and the BS transmit/receive
hardware is designed or calibrated in order to preserve UL-
DL reciprocity [10, 11]. In such a massive MIMO system in

The authors are with the Communications and Information Theory
Group, Technische Universität Berlin ({saeid.haghighatshoar, caire}@tu-
berlin.de).

sub-6 GHz, the BS estimates the channel vectors of the users
from UL training signals sent by the users on orthogonal
dimensions. The resulting channel state is used to design
beamforming matrices for serving the users. Such a training
scheme fails for mm-Wave channels due to the very small
SNR before suitable beamforming, which is impossible to
do without knowing the channel state. This clearly indicates
that estimating the channel state in mm-Wave has a quite
different nature than that in sub-6 GHz. This also shows that
designing fast and robust acquisition algorithms would play
a crucial role for a reliable communication between the BS
and the users [3, 12].

This problem has already been addressed by many re-
searchers mainly by extending the sub-6 GHz channel esti-
mation techniques such as sparse sampling and compressed
sensing [13, 14]. However, none of these methods per-
form quite well for the mm-Wave channels due to the
very low SNR of the channel. For example, in scenario
shown in Fig. 1 for a BS with M = 32 and a user
with N = 32 antennas, and assuming a SNR ⇠10 dB for
reliable communication, the SNR at each antenna, thus, the
whole SNR before bemforming, can be as low as �20 dB,
which is multiple orders of magnitude lower than the SNR
required for traditional channel estimation algorithms to
work robustly. However, the hope is that the SNR can be
boosted by a factor MN after suitable beamforming to meet
the 10 dB working SNR.

✓i

•0

•d

•2d

•3d

•4d

•(M � 1)d

Base-station

�i

•0

•d

•2d

•3d

•4d

•(N � 1)d

User

...

Very sparse scattering channel

Fig. 1: mm-Wave scattering channel with few scatterers.

Recently, new algorithms based on adaptive search with
multi-stage codebooks have been proposed in which the
user and the BS jointly design their beamforming vectors
(see [15–18] and the refs. therein). In short, the proposed
multi-stage (multi-resolution) beamforming algorithms can
be seen as different variants of binary search or bisection
algorithm over all possible angle of arrivals (AoA) of the
channel. The search typically starts with two wide beams
each scanning half the range of possible AoAs. This pro-
vides a rough estimate of the location of channel’s dominant
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(a)

#1

#2

M

N
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Fig. 4: Illustration of the second moments of the beam-domain channel matrix �k: (a) the actual QuaDRiGa

generated �k, (b) the NNLS estimated �?k. The dashed circles indicate the top p = 2 strongest components in �k

and �?k, respectively. We announce a success in the BA phase if the locations of the strongest component in �k

and in �?k are consistent.

strongest AoA direction obtained from �?
k, meanwhile the BS stays in listening mode during the

RACCH, using a sectored beamforming configuration. In this way, full beamforming gain at the

UE transmit side and a limited sector beamforming gain at the BS receive side can be achieved.

Once the RACCH packet is received, the BS can use the transmit beam indicated by UE k to

communicate data. In the next section, we focus on the data communication phase assuming that

the RACCH has been correctly received, therefore, both the BS and the UE know the indices

of the strong components in �?
k. Notice that if the NNLS estimation fails, it is likely that the

RAACH will not be received or will be received in error, because the beamforming gain at the

UE side will be poor. In this case, the UE will not receive a data packet and after a given time-out

will try the BA procedure again. Also in the (very unlikely) case of a collision in the RACCH, the

same time-out procedure can be exploited. Therefore, data communication effectively takes place

only when a) the strong multipath components in �k are correctly estimated and b) when the

RACCH decoding is successful. In [19] we have already argued that the probability that the BA

procedure fails is dominated by the error probability in the estimation of the strong components

of �k. Hence, a sensible system design approach consists of allowing a sufficient number of

beacon slots such that the probability of success in identifying the strong components of �k is

close to 1, and designing the HDA beamforming scheme in the assumption that the estimation of

�k is correct. As a result, we shall compare the FC and OSPS architectures in terms of number

of bacon slots needed to achieve a BA success probability near 1, and their achieved spectral

efficiency under such condition. In any case, the designed HDA precoders in our simulations are

• In order to identify the best AoA/AoD pair we need to find the peak of the
two-dimensional scatter diagram (signal energy vs. angles).

• Delay and Doppler are irrelevant.

• After pointing the beams at both sides, the channel reduces to a single delay
and Doppler shift, easily compensated by standard synch algorithms (timing
and frequency estimation/compensation).

20
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Channel and signal model (1)

• Sparse AoA-AoD propagation: frequency-domain channel matrix at slot time
s

Ȟs(f) =

L∑

l=1

ρs,lb(φl)a
H(θl)e

−j2πfτl.

• Hybrid BF: m Tx RF chains, n Rx RF chains, OFDM discrete frequency {fk =
k∆f : k ∈ K}

y̌s,i,j[k] =
1√
n
vH
s,jHs[k]us,ix̌s,i[k] + žs,j[k]

=
1√
n

L∑

l=1

ρs,le
−j2πkτl∆fgBS

s,l,ig
UE
s,l,jx̌s,i[k] + žs,j[k].

• Channel-BF coupling coefficients: gBS
s,l,i = aH(θl)us,i and gUE

s,l,j = vH
s,jb(φl).
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Channel and signal model (2)

• Signal-to-Noise Ratio After Beamforming: i-th Tx data stream at the output
of Rx RF chain j:

SNR(i,j)
ABF =

Ptot

∑L
l=1 γl|gBS

s,l,i|2|gUE
s,l,j|2

mnN0Bi
,

where γl = E[ρs,l|2], Bi is the bandwidth of the data signal xs,i(t) and we
assume equal power allocation Ptot/m per Tx stream.

• Signal-to-Noise Ratio Before Beamforming: as a reference we also define

SNRBBF =
Ptot

∑L
l=1 γl

N0B
.
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Virtual beamspace representation (1)

• We define the angular grids Θ and Φ and use the corresponding array
responses as a discrete dictionary to represent the channel.

• For the ULAs (considered in this paper), after suitable normalization the
dictionaries correspond to the columns of the unitary DFT matrices FM and
FN .

• The the beamspace representation of the channel matrix is given by Hs[k] =
FNȞs[k]FH

M , where

Ȟs[k] =

L∑

l=1

ρs,le
−j2πkτl∆f b̌(φl)ǎ

H(θl),

and ǎ(θl) := FH
Ma(θl), b̌(φl) := FH

Nb(φl) are the transformed array response
vectors in the beamspace domain.
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Virtual beamspace representation (2)

• The m′-th entry of ǎ(θl) is given by

[ǎ(θl)]m′ =
1√
M

sin(πψlM)

sin(πψl)
e−jπψl(M−1),

where ψl =
(
m′−1
M − 1

2 sin(θl)− 1
2

)
. The magnitude |[ ǎ(θl) ]m′| is localized

around θl = sin−1[2(m′−1)
M − 1] with a width of ≈ 1

M .

• In general, asM andN grow, this channel representation becomes more and
more sparse: Ȟs[k] contains significant components only for the directions
(k′, k) corresponding to a strong MPC (coupled AoA-AoD directions).
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Virtual beamspace representation (3)
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consideration.

max
B,[Wi],[Si]

E[ max
[Fi],V

KX

i=1

(1 � ⌧tr(b) + ⌧fb,i(Si)

T
)Ri(Fi,V, H̄i,Si)]

s.t. E[tr(BVV†B†)]  Pt

(1)

where the expectation E(·) averages out the instantaneous channel realizations, Si = [Si1, ...,Sib] �i,
Sij is the aUE ⇥ aUE receive beam selection matrix for transmit beam j which determines how
many and which elements of the e�ective channel should be fed back.. The selection matrix is
diagonal with entry of zeros and ones. Therefore, the feedback CSI can be expressed as non-zero
entries of H̃i(:, j) = SijH̄i(:, j), where (:, j) denotes the j-th column of a matrix, T is the coher-
ence block size, ⌧tr is the number of channel uses for downlink training depending on the number
of BS RF chains b, ⌧fb,i �i is the number of channel uses for uplink feedback of UEi depending
on the number of non-zero entries of Si.

The partially feedback mechanism can be viewed as a generalized “virtual sectorization”,
where UE-specific beam selection is performed and only the channels of selected beams are fed
back. For example, there are 2 UE RF chains and 16 BS RF chains.The e�ective channel H̄,
includes 2 · 16 = 32 variables. However, there might be much fewer dominant components that
need to inform BS since B includes orthogonal beamforming vectors serving other UEs. As
Fig. 1 shows, either receive beam w1 or w2 can only acquire good array gain from 2 transmit
beams, i.e. b1,b2 and b3,b4 respectively, where W = [w1,w2], B = [b1, ...,b16]. Therefore,
only 2 · 2 = 4 variables need to be fed back to the BS.

Figure 1: mm-wave channel model with multiple highly directional clusters

2.2 Development of Reduced Complexity Algorithms

As we described in sec.1, to solve problem (1) is very challenging in general. Meanwhile, it is pre-
dictable that algorithms approximating the optimal solution will be too complex and impractical
for implementation. Therefore, rather than investigating the full joint design over optimality
space, we will investigate the development of reduced complexity algorithms. The essential idea
is to decouple the interacting variables and separately design them.

3

Fig. 1. Coupling between the virtual beam space at the BS and the virtual beam space at the UE.
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(a) A LOS scenario - user location 2 (b) An NLOS scenario - user location 5

Figure 5.5: Fading and correlation patterns on the 128-element cylin-
drical array, in (a) a LOS scenario, and (b) an NLOS scenario. The
antennas are re-indexed as follows: the first 64 are vertically-polarized
antennas and the last 64 are horizontally-polarized ones, antennas facing
the same direction are ordered successively from bottom to top.

been evaluated and confirmed based on measured channels, as reported in pa-
pers I-III. Not only for users being located far apart, but closely-spaced users
can also be separated even with compact arrays, as shown in Paper III where
crowded scenarios are investigated. Propagation e�ects among closely-spaced
users need to be investigated, as they have not been considered in conventional
MU-MIMO.

For users being far apart, interacting with di�erent scatterers in the prop-
agation environment, it is relatively easy to spatially separate their signals.
Closely-spaced users are most likely interacting with the same scatterers, but
in di�erent ways [66]. More precisely, closely-spaced users may interact with
di�erent structural details of a physical scatterer, resulting in MPCs with dif-
ferent angles, phases and amplitudes. Based on 3D ray tracing in an urban
environment, the study in [92] investigated the duration of MPCs along a path.
Figure 5.6 illustrates the propagation e�ect, where a transmitter is moving and
a receiver is fixed, after some distance, the interaction point on a scatterer
changes and a di�erent MPC “arises”. We call this distance MPC lifetime.
Simulation results in [92] show that most MPCs last for less than 1 m, only
a few last for above 10 m, and not much power is present in the long-lasting
ones. The observation supports that closely-spaced users have di�erent MPCs
interacting with the same scatterer. However, this propagation e�ect needs to
be further investigated using channel measurements.

BS virtual beam index
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Fig. 2. Measured strength of the coupling between the Tx and Rx virtual beam spaces.

of RF chains (including amplification, modulation/demodulation, and A/D and D/A conversion) is limited by hardware

complexity and power consumption.

Research question 1: we wish to find efficient ways to estimate the physical channel channel second-order statistics,

described by the matrix RH, from m-dimensional observations at the BS side and n-dimensional observations

• We wish to identify the strongly coupled AoA-AoD pair(s).
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Chapter 5. Channel Characterization 59

(a) A LOS scenario - user location 2 (b) An NLOS scenario - user location 5

Figure 5.5: Fading and correlation patterns on the 128-element cylin-
drical array, in (a) a LOS scenario, and (b) an NLOS scenario. The
antennas are re-indexed as follows: the first 64 are vertically-polarized
antennas and the last 64 are horizontally-polarized ones, antennas facing
the same direction are ordered successively from bottom to top.

been evaluated and confirmed based on measured channels, as reported in pa-
pers I-III. Not only for users being located far apart, but closely-spaced users
can also be separated even with compact arrays, as shown in Paper III where
crowded scenarios are investigated. Propagation e↵ects among closely-spaced
users need to be investigated, as they have not been considered in conventional
MU-MIMO.

For users being far apart, interacting with di↵erent scatterers in the prop-
agation environment, it is relatively easy to spatially separate their signals.
Closely-spaced users are most likely interacting with the same scatterers, but
in di↵erent ways [66]. More precisely, closely-spaced users may interact with
di↵erent structural details of a physical scatterer, resulting in MPCs with dif-
ferent angles, phases and amplitudes. Based on 3D ray tracing in an urban
environment, the study in [92] investigated the duration of MPCs along a path.
Figure 5.6 illustrates the propagation e↵ect, where a transmitter is moving and
a receiver is fixed, after some distance, the interaction point on a scatterer
changes and a di↵erent MPC “arises”. We call this distance MPC lifetime.
Simulation results in [92] show that most MPCs last for less than 1 m, only
a few last for above 10 m, and not much power is present in the long-lasting
ones. The observation supports that closely-spaced users have di↵erent MPCs
interacting with the same scatterer. However, this propagation e↵ect needs to
be further investigated using channel measurements.

BS virtual beam index
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BS probing directions

• We form an energy measurement by sending signal energy in randomly
chosen directions....
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Chapter 5. Channel Characterization 59

(a) A LOS scenario - user location 2 (b) An NLOS scenario - user location 5

Figure 5.5: Fading and correlation patterns on the 128-element cylin-
drical array, in (a) a LOS scenario, and (b) an NLOS scenario. The
antennas are re-indexed as follows: the first 64 are vertically-polarized
antennas and the last 64 are horizontally-polarized ones, antennas facing
the same direction are ordered successively from bottom to top.

been evaluated and confirmed based on measured channels, as reported in pa-
pers I-III. Not only for users being located far apart, but closely-spaced users
can also be separated even with compact arrays, as shown in Paper III where
crowded scenarios are investigated. Propagation e↵ects among closely-spaced
users need to be investigated, as they have not been considered in conventional
MU-MIMO.

For users being far apart, interacting with di↵erent scatterers in the prop-
agation environment, it is relatively easy to spatially separate their signals.
Closely-spaced users are most likely interacting with the same scatterers, but
in di↵erent ways [66]. More precisely, closely-spaced users may interact with
di↵erent structural details of a physical scatterer, resulting in MPCs with dif-
ferent angles, phases and amplitudes. Based on 3D ray tracing in an urban
environment, the study in [92] investigated the duration of MPCs along a path.
Figure 5.6 illustrates the propagation e↵ect, where a transmitter is moving and
a receiver is fixed, after some distance, the interaction point on a scatterer
changes and a di↵erent MPC “arises”. We call this distance MPC lifetime.
Simulation results in [92] show that most MPCs last for less than 1 m, only
a few last for above 10 m, and not much power is present in the long-lasting
ones. The observation supports that closely-spaced users have di↵erent MPCs
interacting with the same scatterer. However, this propagation e↵ect needs to
be further investigated using channel measurements.
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• .... and collecting the signal from randomly chosen directions.
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Chapter 5. Channel Characterization 59

(a) A LOS scenario - user location 2 (b) An NLOS scenario - user location 5

Figure 5.5: Fading and correlation patterns on the 128-element cylin-
drical array, in (a) a LOS scenario, and (b) an NLOS scenario. The
antennas are re-indexed as follows: the first 64 are vertically-polarized
antennas and the last 64 are horizontally-polarized ones, antennas facing
the same direction are ordered successively from bottom to top.

been evaluated and confirmed based on measured channels, as reported in pa-
pers I-III. Not only for users being located far apart, but closely-spaced users
can also be separated even with compact arrays, as shown in Paper III where
crowded scenarios are investigated. Propagation e↵ects among closely-spaced
users need to be investigated, as they have not been considered in conventional
MU-MIMO.

For users being far apart, interacting with di↵erent scatterers in the prop-
agation environment, it is relatively easy to spatially separate their signals.
Closely-spaced users are most likely interacting with the same scatterers, but
in di↵erent ways [66]. More precisely, closely-spaced users may interact with
di↵erent structural details of a physical scatterer, resulting in MPCs with dif-
ferent angles, phases and amplitudes. Based on 3D ray tracing in an urban
environment, the study in [92] investigated the duration of MPCs along a path.
Figure 5.6 illustrates the propagation e↵ect, where a transmitter is moving and
a receiver is fixed, after some distance, the interaction point on a scatterer
changes and a di↵erent MPC “arises”. We call this distance MPC lifetime.
Simulation results in [92] show that most MPCs last for less than 1 m, only
a few last for above 10 m, and not much power is present in the long-lasting
ones. The observation supports that closely-spaced users have di↵erent MPCs
interacting with the same scatterer. However, this propagation e↵ect needs to
be further investigated using channel measurements.
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• Each Tx-Rx pattern forms a measurement ... we collect sufficiently many of
such measurements.
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BS with AoD subset Us,i

−π2

π
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UE with AoA subset Vs,j

(a)

Vs,j
︸

︷︷
︸

Us,i ︸︷︷︸

(b)

• At each beacon slot, the BS sends a pseudo-random multi-finger beam
pattern, and the users listen with their own pseudo-random multifinger beam
pattern.

• The BS needs not know the user patterns: estimation of the best AoA-AoD
is completely user-centric.
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• At each beacon slot, a measurement is generated, corresponding to the inner
product of a binary 0-1 sensing vector with the vector of AoA-AoD channel
strengths (the channel ASF).
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New scheme for fast and robust beam training

Large separation

! 2 F1
! 2 F2

!

s

Pseudo-random beam sweeping (BS beacon)
Random Access Control CHannel (RACCH) slot

Data slots

BS UE

#1 Pilot
Listening Mode

Estimation

#2 Control Packet

#3 ACK

#4 ACK

Random Access

#5 Data Data transmission
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NNLS Sparse Estimation

• After collecting T measurements, the user solves the Non-Negative Least
Squares (NNLS) given by

ĝ = argming∈RMN
+
‖q−Bg − σ21‖2

• NNLS promotes sparse solutions, even without the Lasso regularization.

• NNLS can be solved very efficiently by several techniques such as Gradient
Projection, Proximal methods, etc.

R. Kueng and P. Jung “Robust nonnegative sparse recovery and the nullspace property
of 0/1 measurements.” IEEE Trans. on Inform. Th. Vol. 64, No. 2 (2018): 689-703.
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Numerical results (1)
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• N = M = 32,SNRBBF = −33 dB. Effect of spatial spreading.
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Numerical results (2)
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• N = M = 32,SNRBBF = −33 dB. Effect of frequency-domain energy
concentration.
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Numerical results (3)
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• N = M = 32,SNRBBF = −33 dB. Robustness to number of MPCs.
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Numerical results (4)
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• N = M = 32,SNRBBF = −33 dB. Robustness to channel time-dynamics.

37



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

1/16/2020 WINTERSCHOOL 2020

https://winterschool.site 2/2

Friday Jan 17, 11:00-12:00

Concluding discussions

Download the Handout

Registration
Registration is closed.

Address of the Winter School & Suggestion of Hotel:
Chalmers University of Technology, Department of Microtechnology and
Nanoscience, Kemivagen 9, SE-41296 Göteborg, Sweden

Recommended Hotel: Quality Hotel Panorama, Göteborg

Main Contact:
Prof. Christian Fager (Chalmers)

This work was funded by the projects car2TERA, GRACE and SERENA of the European Union`s Horizon 2020
research and
innovation programme under grant agreement No. 824962, 821270 and 779305.

Special thanks to our local sponsors: Organised by:

With speakers from:

Numerical results (5)
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• N = M = 32,SNRBBF = −33 dB. Scalability w.r.t. number of users.
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Single-Carrier Approach

• The idea is the same but the beacon probing signal is a single-carrier PN
sequence instead of a comb of orthogonal frequencies.

• Advantage: more robust to high Doppler shifts.

• Format of the transmit beacon signal from the i-th BS antenna port (RF
chains):

xs,i(t) =

√
PtotTc
m

us,i

(
Nc∑

n=1

%n,ipr(t− nTc)
)

39



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

1/16/2020 WINTERSCHOOL 2020

https://winterschool.site 2/2

Friday Jan 17, 11:00-12:00

Concluding discussions

Download the Handout

Registration
Registration is closed.

Address of the Winter School & Suggestion of Hotel:
Chalmers University of Technology, Department of Microtechnology and
Nanoscience, Kemivagen 9, SE-41296 Göteborg, Sweden

Recommended Hotel: Quality Hotel Panorama, Göteborg

Main Contact:
Prof. Christian Fager (Chalmers)

This work was funded by the projects car2TERA, GRACE and SERENA of the European Union`s Horizon 2020
research and
innovation programme under grant agreement No. 824962, 821270 and 779305.

Special thanks to our local sponsors: Organised by:

With speakers from:

Single-Carrier Approach

• Received signal at the output of the j-th RF chain at the UE side is given by

ŷs,j(t) =

m∑

i=1

L∑

l=1

√
Edimv

H
s,jHs,l(t)us,ixs,i(t−τl)+zs,j(t),

• Edim = PtotTc
mn indicates the per-stream pilot chip energy distributed over the

transmit and receive RF chains.

• Per-slot approximation of the channel: Doppler yields a rotating phase that
changes (a little) over the chips sequence

Hs,l(t)
∣∣∣
t∈[nTc,(n+1)Tc)

≈ ρs,lej2π(ν̌s,l+νlnTc)b(φl)a(θl)
H = Hs,le

j2πνlnTc
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Single-Carrier Approach

• As a result, the term Hs,l(t)xs,i(t−τl) can be written as

Hs,l(t)xs,i(t−τl) = Hs,lx
l
s,i(t− τl)

where

xls,i(t) =

Nc∑

n=1

%n,ie
j2πνlnTc pr(t− nTc)

is a (slightly) modified PN sequence due to the phase rotation of the chips.

• The receiver correlates each RF chain output ŷs,j(t) with all the PN
sequences xs,i(t) computing

ys,i,j[k] =

∫
ŷs,j(τ)x∗s,i(τ − kTc)dτ, for k = 0, . . . , Ns − 1

(normally we take Ns = Nc + ∆τmax
Tc

).
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Single-Carrier Approach

• The measurement (s, i, j) is obtained by summing over the S repetitions of
the PN sequence per beacon slot, the accumuklated output energy of the
correlators (sum of squares of the output chip samples):

qs,i,j =
1

S

S∑

s′=1

Ns−1∑

k=0

∣∣ysS+s′,i,j[k]
∣∣2

• It can be shown (after some tedious algebra) that qs,i,j has the same form
of before (multiplication of the vectorized scattering matrix times a pattern of
0-1, plus error terms (signal × noise, and noise × noise).

• Eventually the same NNLS problem can be solved to estimate the angles of
the strong MPCs.
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An example with QuaDriGa Channels
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Fig. 4: Illustration of the second moments of the beam-domain channel matrix �k: (a) the actual QuaDRiGa

generated �k, (b) the NNLS estimated �?k. The dashed circles indicate the top p = 2 strongest components in �k

and �?k, respectively. We announce a success in the BA phase if the locations of the strongest component in �k

and in �?k are consistent.

strongest AoA direction obtained from �?
k, meanwhile the BS stays in listening mode during the

RACCH, using a sectored beamforming configuration. In this way, full beamforming gain at the

UE transmit side and a limited sector beamforming gain at the BS receive side can be achieved.

Once the RACCH packet is received, the BS can use the transmit beam indicated by UE k to

communicate data. In the next section, we focus on the data communication phase assuming that

the RACCH has been correctly received, therefore, both the BS and the UE know the indices

of the strong components in �?
k. Notice that if the NNLS estimation fails, it is likely that the

RAACH will not be received or will be received in error, because the beamforming gain at the

UE side will be poor. In this case, the UE will not receive a data packet and after a given time-out

will try the BA procedure again. Also in the (very unlikely) case of a collision in the RACCH, the

same time-out procedure can be exploited. Therefore, data communication effectively takes place

only when a) the strong multipath components in �k are correctly estimated and b) when the

RACCH decoding is successful. In [19] we have already argued that the probability that the BA

procedure fails is dominated by the error probability in the estimation of the strong components

of �k. Hence, a sensible system design approach consists of allowing a sufficient number of

beacon slots such that the probability of success in identifying the strong components of �k is

close to 1, and designing the HDA beamforming scheme in the assumption that the estimation of

�k is correct. As a result, we shall compare the FC and OSPS architectures in terms of number

of bacon slots needed to achieve a BA success probability near 1, and their achieved spectral

efficiency under such condition. In any case, the designed HDA precoders in our simulations are
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Spreading Length and Robustness to DopplerFig. 5: Detection probability PD of the proposed time-domain scheme for different PN sequence

lengths Nc, where M = N = 32, MRF = 3, NRF = 2, u = v = 8, B0 = B, SNRBBF = �14

dB, the relative speed of the strongest path �vl? = 5 m/s.
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Fig. 6: Detection probability PD of the proposed time-domain scheme for different PN sequence

lengths Nc, where M = N = 32, MRF = 3, NRF = 2, u = v = 8, B0 = B, SNRBBF = �14

dB, the relative speed of the strongest path �vl? = 5 m/s.

Dependence on the PN sequence length Nc and robustness to Doppler shifts. In general,

larger PN sequence length Nc provides better correlation properties, such that different pilot

streams can be well separated at the UE. However, increasing Nc indicates increasing the whole

duration t0 = NcTc of the transmitted signal, thus, because of the Doppler effect, the received

Fig. 5: (a) Detection probability PD of the proposed time-domain scheme with respect to (a)

different PN sequence lengths Nc, where the relative speed of the strongest path �vl? = 5 m/s;

(b) different relative speed values of the strongest path �vl? . In both cases, M = N = 32,

MRF = 3, NRF = 2, u = v = 8, B0 = B, SNRBBF = �14 dB.

Comparison with other time-domain methods. Fig. 6 compares the performance of our

proposed scheme with a recently proposed time-domain approach [20, 21] based on the OMP CS

technique. The approach in [20, 21] assumes that the channel vector coefficients remain constant

over the whole training stage (in other words, it assumes a completely stationary situation with

zero Doppler shifts). It can be seen from Fig. 6 that the proposed scheme exhibits much more

robust performance with respect to the channel time-variations whereas the approach in [20, 21]

fails when the channel is fast time-varying.

B. Effectiveness of Single-Carrier Modulation

Assume that after a BA procedure as proposed in Section IV, the strongest component in �?

corresponds to the l?-th scatterer between the BS and the UE. Hence, the estimated beamforming

vectors for the data transmission are given by ul? = FM ǔl? at the BS and vl? = FN v̌l? at the

UE respectively, where ǔl? 2 CM is an all-zero vector with a 1 at the component corresponding

to the AoD of the l?-th scatterer, and v̌l? 2 CN is an all-zero vector with a 1 at the component

corresponding to the AoA of the l?-th scatterer. We assume that in the downlink data transmission

phase, the BS and the UE employ a single RF chain, therefore, with a slight abuse of notation,

we assume that transmitted waveform, consisting of Nd information symbols, is given by x(t) =
PNd

n=1

p
PtotTd · dnpr(t � nTd), where pr(t) denotes the normalized band-limited pulse shaping
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A case for single-carrier in mmWaves (1)
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Fig. 8: Illustration of the Power Delay Profile (PDP) with multi-path (L = 3) channel in (14).

(a) Before Beam Alignment. (b) After Beam Alignment

different Doppler frequencies, in the latter case the Doppler frequency of the single multi-path

component can be easily compensated by standard timing, frequency, and phase synchronization

techniques at the receiver.

Ergodic achievable rate bounds. In Fig. 9, we illustrate the lower and upper bounds on the

achievable ergodic rate (see (36) and (37)) as a function of SNRBBF. While it is clear that the

lower bound is interference-limited while the upper bound is not, we notice that the gap between

the bounds is quite small in the regime of low pre-beamforming SNR (SNRBBF < 10 dB), which

is relevant in mmWave applications. At the same time, the achievable ergodic spectral efficiency

in this regime can be quite high. In particular, we remark here that the lower bound refers

to the case of single-carrier transmission without any equalization. For example, focusing on

a realistic spectral efficiency between 1 and 2 bit/s/Hz, we notice that single-carrier with the

proposed BA scheme and no equalization (just standard post-beamforming timing and frequency

synchronization) achieves the relevant spectral efficiency in the range of SNRBBF between -30

Fig. 8: Illustration of the Power Delay Profile (PDP) with multipath (L = 3) channel in (14).

(a) Before Beam Alignment. (b) After Beam Alignment

bound is interference-limited while the upper bound is not, we notice that the gap between the

bounds is quite small in the regime of low pre-beamforming SNR (SNRBBF < 10 dB), which is

relevant in mmWave applications. At the same time, the achievable ergodic spectral efficiency

in this regime can be quite high. In particular, we remark here that the lower bound refers

to the case of single-carrier transmission without any equalization. For example, focusing on

a realistic spectral efficiency between 1 and 2 bit/s/Hz, we notice that single-carrier with the

proposed BA scheme and no equalization (just standard post-beamforming timing and frequency

synchronization) achieves the relevant spectral efficiency in the range of SNRBBF between -30

and -20 dB, and suffers from a very small gap with respect to the best possible equalization

(given by the upper bound).

Power Delay Profile (PDP) before and after Beam Alignment (BA). Fig. 8 compares the

average PDP of the mmWave channel with L = 3 multipath components before and after BA. It

can be seen from Fig. 8 (a) that, before BA, the channel has a relatively large delay spread and

is highly frequency selective. Moreover, since different multipath components are mixed with

each other and since each one has its own delay and Doppler shift, the time-domain channel

is highly time-varying. In contrast, as seen from Fig. 8 (b), after BA, the channel effectively
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A case for single-carrier in mmWaves (2)
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Fig. 7: The ergodic achievable rate after a successful Beam Alignment using the proposed

time-domain scheme, where M = N = 32, B0 = B, Nc = 64, the relative speed of the

strongest path �vl? = 5 m/s.

at the UE side. Consequently, the ergodic achievable rate can be upper and lower bounded by

[38]

Rub? = E

"
log2

 
1 +

PL
l=1 |Cl'(⌧l? � ⌧l)|2

N0

!#
, (36)

Rlb? = log2

 
1 +

|E[Cl?'(0)]|2
N0 + Var(Cl?'(0)) +

P
l 6=l? E[|Cl'(⌧l? � ⌧l)|2]

!
. (37)

The upper bound (36) is obtained via the Maximum Ratio Combining for the case where all the

delayed versions of the transmitted signal are separately observable (this is sometimes referred

to as “matched filter upper bound”). The lower bound is actually achieved by a simple receiver

that treats all the Inter-symbol Interference (ISI) as a Gaussian noise. As already noticed a few

times in this paper, once BA is achieved, the effective channel angular spread is very small

since essentially only the selected AoA/AoD path collects all the signal power. As a result,

the channel consists of only a single dominant delay tap with a fixed Doppler shift, which

can be well compensated by applying conventional timing and frequency synchronization and

channel estimation techniques. Due to the Doppler compensation, the channel time-variations

are significantly reduced after BA [23], such that Cl? can be treated as an almost deterministic

channel gain with a very large amplitude |E[Cl?'(0)]| and a very small variance Var(Cl?'(0)).

Ergodic achievable rate bounds. In Fig. 7, we illustrate the lower and upper bounds on

the achievable ergodic rate (36) (37) as a function of SNRBBF. While it is clear that the lower
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MU-MIMO at mmWaves
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Fig. 1: Hybrid digital analog (HDA) transmitter architectures: (a) fully-connected (FC), (b) partially-connected

with one-stream-per-subarray (OSPS). The “BB” block denotes digital baseband beamforming, K is the number of

data streams, MRF is the number of RF chains, and M is the number of antennas.

such as the power dissipation and nonlinear distortion of the PAs. In particular, the nonlinear PAs

employed at the BS can drastically distort the transmit signal when operated close to saturation

[27]. To this end, a certain power backoff from the saturation power of a PA should be considered

accordingly for different signaling schemes and transceiver architectures, such that the PAs can

always work in their linear operating region.

B. Contributions

In this paper we overcome the shortcomings of the present literature outlined before, and

comprehensively evaluate the performance of HDA architectures (in particular, as shown in

Fig. 1), where we assume both amplitude and phase control for each analog path. Our main

focus is on the MU-MIMO downlink, but similar and symmetric conclusions can be reached for

the uplink as well. Our main contributions are summarized as follows:

1) More general and realistic mmWave channel model. We consider a quite general mmWave

wireless channel model, taking into account the fundamental features of mmWave channels

such as fast time-variation due to Doppler, frequency-selectivity, and the AoA-AoD sparsity

[20, 21, 28]. The numerical results based on our proposed channel model are further verified on

the 3D geometry based channel generator QuaDRiGa [29], which has become a standard tool

in industrial R&D as well as in 3GPP standardization.

2) More practical hardware impairments and power efficiency analysis. When comparing the

HDA beamforming performance of different transmitter architectures, we take into account the

practical hardware impairments, particularly, the potential power dissipation of the underlying

• The One-Stream-Per-Subarray (OSPS) architecture is modular, more
energy-efficient, and significantly simpler in terms of hardware complexity.
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Effectiveness of OSPS
27
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Fig. 7: The simulations based on QuaDRiGa: (a) The initial BA detection probability vs. the training overhead, with

SNRBBF = �15 dB. (b) The sum spectral efficiency of different transmitter architectures vs. increasing SNRBBF.

(c) The sum spectral efficiency of the FC architecture vs. increasing SNRBBF. (d) The sum spectral efficiency of

the OSPS architecture vs. increasing SNRBBF.

VI. CONCLUSION

In this paper, we proposed an analysis framework to evaluate the performance of

typical hybrid transmitters at mmWave frequencies. In particular, we focused on the

comparison of a fully-connected (FC) architecture and a partially-connected architecture with

one-stream-per-subarray (OSPS) for a MU-MIMO base station using HDA beamforming. We

jointly evaluated the performance of the two architectures in terms of the initial beam alignment

(BA), the data communication, and the transmitter power efficiency. We used our recently

proposed BA scheme and further proposed three simple precoding schemes on top of the

effective channel after the BA. The precoding schemes are based on beam steering (BST), analog

maximum ratio transmitting (MRT), and joint analog maximum ratio and baseband zero-forcing

(MR-ZF), respectively. Particularly, both the BA scheme and the MR-ZF precoding scheme

outperform the state-of-the-art counterparts in the literature. Given the parameters in this paper,
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Joint Radar & Communication

Introduction

Future networks must support exponentially increasing data tra�c,
while ensuring new mobility services such as V2X.
Limitations of current technologies (e.g. CoMP, massive MIMO, PS)
relying on full channel knowledge and static network models.
A key-enabler is the ability to continuously sense dynamically changing
“state”, and react accordingly by exchanging information.

M. Kobayashi Seminar at EURECOM December 12, 2019 1 / 32
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Motivation: JRC for V2V and V2X
Joint Radar and Vehicular Communication

data-carrying 
symbols

feedback 
(reflection)

sensing
&

encoding 
Decoding

The spectrum crunch encourages to use the same frequency bands for
both functions (e.g. IEEE S band shared between LTE and radar).
One vehicle wishes to track the “state” (velocity, range) and
simultaneously convey a message (safety/tra�c-related).
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Information-Theoretic Toy Model
System Model

Encoder ReceiverW Ŵ

Xi Yi

Si

Ŝn Estimator

Zi�1

Transmitter PS

PY Z|XS

Transmitter sends a message W and estimates a state sequence Sn via
“generalized feedback”: strictly causal channel output Zi≠1.
Receiver decodes Ŵ from its observation Y n and Sn (known
perfectly).
A memoryless state-dependent channel:

PWXnSnY nZn(w,x, s,y, z) = P (w)
nŸ

i=1
PS(si)

nŸ

i=1
P (xi|wzi≠1)PY Z|XS(yizi|xisi).
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Information-Theoretic Toy Model
Some Definitions

A (2nR, n) code consists of a message set, an encoder, a decoder, and
a state estimator.
The state estimate is measured by the expected distortion

E[d(Sn, Ŝn)] = 1
n

nÿ

i=1
E[d(Si, Ŝi)]

A rate distortion pair (R,D) is achievable if

lim
næŒP (Ŵ ”= W ) = 0

and
lim sup
næŒ

E[d(Sn, Ŝn)] Æ D.

The capacity-distortion tradeo� C(D) is the supremum of R such that
(R,D) is achievable.
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Fundamental Limit
Main Result
Theorem
The capacity-distortion tradeo� of the state-dependent memoryless channel
with the i.i.d. states is given by

C(D) = max I(X;Y |S)

where the maximum is over all PX satisfying E[d(S, Ŝ)] Æ D and the joint
distribution of SXY ZŜ is given by

PX(x)PS(s)PY Z|XS(yz|xs)PŜ|XZ(ŝ|xz).

Achievability builds on random encoding and jointly typicality decoding.
We can use a deterministic estimator

ŝ = ŝ(x, z) = arg min
sÕœS

ÿ

sœS

PS|XZ(s|x, z)d(s, sÕ)
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A Gaussian AWGN ExampleExample: a real Gaussian channel with Rayleigh fading

A real fading channel Yi = SiXi +Ni where
I Si, Ni are i.i.d. Gaussian distributed with zero mean and unit variance
I {Xi} satisfies the average power constraint 1

n

q
i E[|Xi|2] Æ P .

Quadratic distortion function: the expected distortion is E
Ë

1
1+|X|2

È
.

Two extreme points:
I Dmin achieved by 2-ary pulse amplitude modulation (PAM).
I Cmax = E[log(1 + |S|2P )] achieved by Gaussian input.

M. Kobayashi Seminar at EURECOM December 12, 2019 9 / 32

55



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

1/16/2020 WINTERSCHOOL 2020

https://winterschool.site 2/2

Friday Jan 17, 11:00-12:00

Concluding discussions

Download the Handout

Registration
Registration is closed.

Address of the Winter School & Suggestion of Hotel:
Chalmers University of Technology, Department of Microtechnology and
Nanoscience, Kemivagen 9, SE-41296 Göteborg, Sweden

Recommended Hotel: Quality Hotel Panorama, Göteborg

Main Contact:
Prof. Christian Fager (Chalmers)

This work was funded by the projects car2TERA, GRACE and SERENA of the European Union`s Horizon 2020
research and
innovation programme under grant agreement No. 824962, 821270 and 779305.

Special thanks to our local sponsors: Organised by:

With speakers from:

Joint� Resource Sharing

C(D) of Gaussian channel with P = 10 dB

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Distortion

0
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0.8

1
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C
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Joint approach

Separation-based

A significant gain with respect to resource-sharing.
Feedback is useful only for state sensing.
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A Practical Scenario
Beam-Sweeping Mechanism

Elevation Angle

LoS
Scattering

Scattering

Tx / Radar Rx

Communication Rx /
      Radar Target

Azimuth

Tx / Radar Rx

Communication Rx /
      Radar Target

Radar periodically scanning an angular sector (e.g., using a phased
array)

I One target in each sector
I No need to perform DOA estimation
I Possibility to have multi-path scattering components: LoS, ground

reflection, buildings and metal surfaces reflections, etc.
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SISO Channel Model

Time-Frequency Selective Channel

Radar channel

h(t, ·) =
P≠1ÿ

p=0
hp”(· ≠ ·p)ej2fi‹pt

Radar received signal without noise

y(t) =
⁄

h(t, ·)s(t ≠ ·)d· =
P≠1ÿ

p=0
hps(t ≠ ·p)ej2fi‹pt

Communication channel

hcom(t, ·) =
P≠1ÿ

p=0
gpe

jfi‹pt”

3
· ≠ ·p

2

4
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Modulation on a Time-Frequency Grid

Transmission using M subcarriers and N time slots

Total bandwidth is divided in M subcarriers, i.e. B = M∆f .
T = 1

∆f is one symbol duration, Tframe = NT .
{xn,m} satisfies average power constraint E[|xn,m|2] Æ P .
The parameters are chosen such that

‹max < ∆f , ·max < T
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OFDM and OTFS
OFDM and OTFS

ISFFT
Xn,m s(t)

delay-Doppler

h(t, �)
y(t)xk,l

time-frequency

yk,l

SFFTpre-
processing

post-
processing

Yn,m

Cyclic prefix OFDM uses Inverse DFT/DFT in time-frequency domain.
OFTS is a modulation patented by Cohere 13 using the Zak
transform14.
Mapping from delay-Doppler to time-frequency domains (ISFFT):

X[n,m] = 1Ô
NM

N≠1ÿ

k=0

M≠1ÿ

l=0
xk,le

j2fi(nkN ≠ml
M )

13R. Hadani et al., “Orthogonal time frequency space modulation,” in Wireless Commun. and Networking Conf. (WCNC), 2017
14H. Bolcskei and F. Hlawatsch, “Discrete zak transforms, polyphase transforms, and applications,” IEEE Trans. Signal Proc.,

vol. 45, no. 4, 1997.
M. Kobayashi Seminar at EURECOM December 12, 2019 20 / 32

60



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

1/16/2020 WINTERSCHOOL 2020

https://winterschool.site 2/2

Friday Jan 17, 11:00-12:00

Concluding discussions

Download the Handout

Registration
Registration is closed.

Address of the Winter School & Suggestion of Hotel:
Chalmers University of Technology, Department of Microtechnology and
Nanoscience, Kemivagen 9, SE-41296 Göteborg, Sweden

Recommended Hotel: Quality Hotel Panorama, Göteborg

Main Contact:
Prof. Christian Fager (Chalmers)

This work was funded by the projects car2TERA, GRACE and SERENA of the European Union`s Horizon 2020
research and
innovation programme under grant agreement No. 824962, 821270 and 779305.

Special thanks to our local sponsors: Organised by:

With speakers from:

Some Details of OTFS
OTFS

Pre-processing:

s (t) =
N≠1ÿ

n=0

M≠1ÿ

m=0
X [n,m] gtx (t ≠ nT ) ej2fim∆f(t≠nT )

Post-processing: filter and sampling at t = nT, f = m∆f .

Y (t, f) = Cr,grx (t, f) =
⁄
y

!
tÕ

"
gú
rx

!
tÕ ≠ t

"
e≠j2fiftÕdtÕ

After SFFT, the output of dimension NM in delay-Doppler domain :

y =
P≠1ÿ

p=0
hpŒ

p(·p, ‹p)x +w

This holds for any transmit/receive pulse pair.
Focus on a practical case of a rectangular pulse. limiting ISI between n
and n ≠ 1 15.

15P. Raviteja et al., “Interference cancellation and iterative detection for orthogonal time frequency space modulation”, IEEE TWC 2018
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ML Joint Parameter Estimation
E�cient range and velocity estimator

Let ◊ = (· ,‹,h) a vector to be estimated.
Rearranging terms, the log-likelihood function is given by

l(y|◊,x) =
ÿ

p

|xHÕH
py|2

xHÕH
pÕpx¸ ˚˙ ˝

Sp(·p,‹p)

≠
ÿ

p

xHÕH
p

1q
q ”=p hqÕq

2
xyHÕpx

xHÕH
pÕpx¸ ˚˙ ˝

Ip({hq}q ”=p,· ,‹)

Initialization: n = 0
for each p, find (·̂p, ‹̂p) maximizing Sp.
Iterations: n = 1, . . . ,
for each p, update (·̂p(n), ‹̂p(n)) by treating all others fixed

(·̂p(n), ‹̂p(n)) = arg max
(·p,‹p)œ≈

Sp(·p, ‹p) ≠ Ip(·p, ‹p, {ĥq, ·̂q, ‹̂q}(n≠1)
q ”=p )
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Crame-Rao Lower Bound
CRLB

4P unknown parameters to estimate from NM noisy samples.

◊ = (|h| ,\h, · ,‹)

CRLB can be derived by computing the 4P ◊ 4P Fischer information
matrix with a special structure (each block matrix of P ◊ P is
diagonal).

[I(◊,x)]i,j = 2PavgRe

Y
]
[

ÿ

k,l

5
ˆsp[k, l]

ˆ◊i

6ú C
ˆsn,m
ˆ◊j

DZ
^
\ ,

where

sp[k, l] = |hp| ej\hp
N≠1ÿ

kÕ=0

M≠1ÿ

lÕ=0
Œp
n,kÕ

#
l, lÕ

$
xkÕ,m ,
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802.11p-like Parameters
Numerical example: setup

IEEE 802.11p17

fc = 5.89 GHz M = 64

B = 10 MHz N = 50

∆f = B/M = 156.25 kHz Tcp = 1
4T = 1.6µs

T = 1/∆f = 6.4µs To = Tcp + T = 8µs

rotfs
max < Tc/2 ƒ 960 m rofdm

max < Tcpc/2 ƒ 240 m

‡rcs = 1 m2 G = 100

r = 20 m v = 80 km/h

17D. H. Nguyen and R. W. Heath, “Delay and Doppler processing for multi-target detection with IEEE 802.11 OFDM
signaling”, ICASSP 2017
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Range Estimation and Achievable Rates
Numerical example: range estimation for P = 1
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OTFS OTFS CRLB
OFDM FMCW

OTFSWaterfall
Estimation

OTFS UB

OTFS CS OFDM CS

Under a simplified scenario, OFDM/OTFS can yield a significant data
rate without compromising radar estimation.
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Velocity Estimation
Numerical example: velocity estimation for P = 1
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Presence of Multipath

Numerical example: range estimation for P = 4
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The proposed scheme works well for a multi-path channel too.
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If You Are Interested ...

Tutorial at ICASSP, May 4, 2020, Barcelona

Title: “Information Extraction in Joint Millimeter-Wave State Sensing
and Communications: Fundamentals to Applications”
Speakers: Kumar Vijay Mishra (US Army Research Laboratory),
Bhavani Shankar (University of Luxembourg), and Mari Kobayashi
Details are available on https://2020.ieeeicassp.org/program/tutorials/
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Conclusions and On-Going Work

• Fast and scalable initial beam acquisition with large arrays at both BS and
UE is possible using “second-order statistics” (quadratic measurements).

• After BA, the mmWave channel becomes almost a single delay and Doppler
shift, with good SNR: easily handle with single-carrier modulation and
standard synchronization schemes.

• For a MU-MIMO BS at mmWaves, the OSPS architecture (with BB precoding)
yields a very attractive tradeoff between performance and complexity.

• To Do: efficient beam tracking algorithms (after initial BA).
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Conclusions and On-Going Work

• Joint Radar parameter estimation and communication is very attractive:
optimal estimation at no cost for data rate.

• OTSF yields complex receivers, but it is more spectrally efficient than OFDM
and more robust to high Doppler.

• To Do: Radar-aided initial BA, and/or communication-aided Radar detection:
Can joint operations benefit both functions?
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Thank You
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