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Introduction and Motivation behind SM-MIMO



Why MIMO?
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d Array gain (beamforming), spatial division multiple access
[ Spatial multiplexing: Rate = min(IN,, N )log,(1+SNR)

Q Reliability: BEP ~ SNR-(NtN1)



Conventional vs. Single-RF MIMO
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A. Mohammadi and F. M. Ghannouchi, “Single RF Front-End MIMO Transceivers”, IEEE Commun.
Mag., Vol. 49, No. 12, pp. 104-109, Dec. 2011. 5
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Why Single-RF?

Propagation Channel
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 Regardless of the use as diversity or spatial multiplexing system, the main
drawback of conventional MIMO systems is the increased complexity,
increased power/energy consumption, and high cost. Why?

» Inter-channel interference (ICI): Introduced by coupling multiple symbols in
time and space — signal processing complexity.

» Inter-antenna synchronization (IAS): Detection algorithms require that all
symbols are transmitted at the same time.

» Multiple radio frequency (RF) chains: RF elements are expensive, bulky, no
simple to implement, and do not follow Mootre’s law.

» Energy consumption: The energy efficiency decreases linearly with the number
of active antennas (RF chains) and it mostly depends on the Power Amplifiers
(>60%) — EARTH model. 6



The Energy Efficiency (EE) Challenge (1/3)

B Cellular Network Power Consumption
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Z. Hasan, H. Boostanimehr, and V. K. Bhargava, “Green Cellular Networks: A Survey, Some Research
Issues and Challenges”, IEEE Commun. Surveys & Tutorials, Vol. 13, No. 4, pp. 524-540, Nov. 2011. 7



The Energy Efficiency (EE) Challenge (2/3)

Power Supply
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Z. Hasan, H. Boostanimehr, and V. K. Bhargava, “Green Cellular Networks: A Survey, Some Research
Issues and Challenges”, IEEE Commun. Surveys & Tutorials, Vol. 13, No. 4, pp. 524-540, Nov. 2011. 8



The Energy Efficiency (EE) Challenge (3/3)
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S. D. Gray, “Theoretical and Practical Considerations for the Design of Green Radio Networks”, IEEE VTC-
2011 Spring, Budapest, Hungary, May 2011.

3GPP TSG-RAN WG2 #67, "eNB power saving by changing antenna number', R2-094677 from Huawei:
http:/ /www.3gpp.otg/ftp/tsg_ran/WG2_RL2/TSGR2_67/Tdoclist/History/ADN_Tdoc_List RAN 2_67.h2m.




Now, Imagine a New Modulation for MIMOs:

O Having one (or few) active RF chains but still being able to
exploit all transmit-antenna elements for multiplexing and
transmit-diversity gains

4 Offering Maximum-Likelihood (ML) optimum decoding
performance with single-stream decoding complexity

d Working without the need of (power inefficient) linear
modulation schemes (QAM) or allowing us to use constant-
envelope modulation (PSK) with negligible performance
degradation

Spatial Modulation (SM)

has the inherent potential to meet these goals
10



SM — In a Nutshell
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SM — How It Works (3D Constellation Diagram)
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M. Di Renzo, H. Haas, and P. M. Grant, “Spatial Modulation for Multiple-Antenna Wireless Systems - A
Survey”, IEEE Communications Magazine, Vol. 49, No. 12, pp. 182-191, December 2011. 12



SM — How It Works (1/3)
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SM — How It Works (2/3)
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SM — How It Works (3/3)
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SM — Transmitter
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SM — Receiver

| Receiver |
| Rx a priori CSI Detection !
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Common Misunderstandings

OQ What is the difference with Transmit Antenna Selection (TAS)?

(

> TAS is closed-loop. SM is open-loop.
> TAS provides transmit-diversity. SM provides spatial-multiplexing.

» In TAS, antenna switching depends on the end-to-end performance. In SM,
antenna switching depends on the incoming bit-stream.

SIMO: log,(M) bpcu — MIMO: NJlog,(M) bpcu — SM: log,(N,)+log,(M)
bpcu. So, SM is sub-optimal from the spectral efficiency (SE) point of view.
Why using it?
» Correct. But what about signal processing complexity, cost, and power
consumption, and energy efficiency (EE)?

> Are we looking for SE-MIMO? For EE-MIMO? Or for a good SE vs. EE
tradeoff?

achleve the same spectral efﬁc1ency. Is the comparison fair? Is having so
many antennas practical?

> What does fair mean? Same transmit-antennas? Same RF chains?

» What about massive MIMOs? What about mm-Wave communications? 19



SE vs. EE Tradeoft (1/2)

L SE-oriented systems are designed to maximize the capacity under peak or
average power constraints, which may lead to transmitting with the
maximum allowed power for long periods, thus deviate from EE design.

0 EE is commonly defined as information bits per unit of transmit energy. It has been
studied from the information-theoretic perspective for various scenarios.

[ For an additive white Gaussian noise (AWGN) channel, it is well known that for a
given transmit power, P, and system bandwidth, B, the channel capacity is:

P
R=(1/2)log, | 1+—— |=(1/2) &
N,B
d bits per real dimension or degrees of freedom (DOF), where N, is the noise
power spectral density. According to the Nyquist sampling theory, DOF per second
is 2B. Therefore, the channel capacity is C = 2BR b/s. Consequently, the EE is:

C 2R
Mee =5 R\ Tse

P N, (27%-1) N, (2% -1

Q It follows that the EE decreases monotonically with R (i.e., with SE).

G. Y. Li et al,, "Energy-Efficient Wireless Communications: Tutorial, Survey, and Open Issues", IEEE
Wireless Commun.,Mag., Vol. 18, No. 6, pp. 28-35, Dec. 2011. 20



SE vs. EE Tradeoft (2/2)
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- - - -With circuit consumption F,:B}

Pl < pl2) < p(3)

Neg (b/1)

R (b/DOF)

Y. Chen et al., “Fundamental Tradeoffs on Green Wireless Networks”, IEEE Commun. Mag., vol. 49, no. 6,
21
pp- 30-37, June 2011,.



Massive MIMO (1/5)

(@) GreenTouck

Large Scale Antenna Systems Demonstration

Simulated action of the prototype
Large Scale Antenna Systems.

Large Scale Antenna Systems focus
the wireless signal to the end-user.

Energy efficiency is improved 16X!

All antenna columns are powered
to simulate a call to an end-user.

Lowigh

Energy used = 1/16

B) End-user

G. Wright “GreenTouch Initiative: Large Scale Antenna Systems Demonstration”, 2011 Spring meeting,
Seoul, South Korea. Available at: http://www.youtube.com/watch?v=U3euDDrOuvo.

T. L. Marzetta, “Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas”,
IEEE Trans. Wireless Commun., vol. 9, no. 11, pp. 3590-3600, Nov. 2010.
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Massive MIMO (2/5)

O With very large MIMO, we think of systems that use antenna arrays with an
order of magnitude more elements than in systems being built today, say a
hundred antennas or more.

d Very large MIMO entails an unprecedented number of antennas
simultaneously serving a much smaller number of terminals.

O In very large MIMO systems, each antenna unit uses extremely low powet,
of the order of mW.

O As a bonus, several expensive and bulky items, such as large coaxial cables,
can be eliminated altogether. (The coaxial cables used for tower-mounted
base stations today are up to four centimeters in diameter).

O Very-large MIMO designs can be made extremely robust in that the failure
of one or a few of the antenna units would not appreciably affect the system.
Malfunctioning individual antennas may be hotswapped.

http:/ /www.commsys.isy.liu.se/~egl/vim/vim.html.

F. Rusek, D. Persson, B. K. Lau, E. G. Larsson, T. L. Marzetta, O. Edfors, and F. Tufvesson, “Scaling up
MIMO: Opportunities and Challenges with Very Large Arrays”, IEEE Signal Proces. Mag., to appeat.
Available at: http://arxiv.org/pdf/1201.3210v1.pdf. 23



Massive MIMO (3/5)

Q The main effect of scaling up the dimensions is that uncorrelated thermal
noise and fast fading can be averaged out and vanish so that the system is
predominantly limited by interference from other transmitters.

O If we could assign an orthogonal pilot sequence to every terminal in every
cell then large numbers of base station antennas would eventually defeat all
noise and fading, and eliminate both intra-and inter-cell interference.

O But there are not enough orthogonal pilot sequences for all terminals. Pilot
sequences have to be reused. The performance of a very large array
becomes limited by interference arising from re-using pilots in neighboring
cells (pilot contamination problem).

0 With an infinite number of antennas, the simplest forms of user detection
and precoding, i.e., matched filtering (MF) and eigenbeamforming, become
optimal.

O Spectral efficiency is independent of bandwidth, and the required
transmitted energy per bit vanishes.

T. L. Marzetta, “Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas”,
IEEE Trans. Wireless Commun., vol. 9, no. 11, pp. 3590-3600, Nov. 2010. 24



Massive MIMO (4/5) — In Formulas

d Consider a MIMO Multiple Access (MAC) system with N
antennas per BS and K users per cell:

K
y = thxk +n
k=1

3 where channel and noise are 1.i.d. RVs with zero mean and
unit variance.

d By the strong law of large numbers:
1

—h" —> X
N m y N —o0 and K =const m
A Thus, with an unlimited number of BS antennas:
> Uncorrelated interference and noise vanish

» The matched filter is optimal

» The transmit power can be made arbitrarily small

T. L. Marzetta, “Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas”,
IEEE Trans. Wireless Commun., vol. 9, no. 11, pp. 3590-3600, Nov. 2010. 25



Massive MIMO (5/5) — In Formulas

O Assume now that transmitter m and j use the same pilot:

N

h. =h_+ h, +  n_
—_— —

pilot contamination ~ €Stimation noise

A Thus, by the strong law of large numbers:

—h —> X, +X.
N my N —o0 and K =const m J

A Thus, with an unlimited number of BS antennas:
Uncorrelated interference, noise, and estimation errors vanish
The matched filter is optimal

The transmit power can be made arbitrarily small

YV V VYV VY

But, the performance is limited by pilot contamination

T. L. Marzetta, “Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas”,
IEEE Trans. Wireless Commun., vol. 9, no. 11, pp. 3590-3600, Nov. 2010. 26



Massive MIMO vs. SM-MIMQO

4 Massive MIMO:
» Many (hundreds or more) transmit-antennas
> Based on beamforming (needs CSIT)

» All transmit-antennas are simultaneously-active: multi-RF MIMO
but antennas are less expensive and more EE than state-of-the-art

d SM-MIMO:

» Many (hundreds or more) transmit-antennas
» Inherently open-loop

> One (or few) transmit-antennas are simultaneously-active: single-
RF MIMO

T. L. Marzetta, “Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas”,
IEEE Trans. Wireless Commun., vol. 9, no. 11, pp. 3590-3600, Nov. 2010. 27



Transmission Concepts Related to SM (1/4)

New multiple antenna designs based on compact parasitic architectures have
been proposed to enable multiplexing gains with a single active RF element and
many passive antenna elements. The key idea is to change the radiation pattern
of the array at each symbol time instance, and to encode independent

information streams onto angular variations of the far-field in the wave-vector
domain.
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A. Kalis, A. G. Kanatas, and C. B. Papadias, “A novel approach to MIMO transmission using a single RF
front end”, IEEE J. Select. Areas Commun., vol. 26, no. 6, pp. 972-980, Aug. 2008.

O. N. Alrabadi, C. Divarathne, P. Tragas, A. Kalis, N. Marchetti, C. B. Papadias, and R. Prasad, “Spatial
multiplexing with a single radio: Proof-of-concept experiments in an indoor environment with a 2.6 GHz
prototypes”, IEEE Commun. Lett., vol. 15, no. 2, pp. 178-180, Feb. 2011. 28



Transmission Concepts Related to SM (2/4)

New MIMO schemes jointly combining multiple-antenna transmission and
Automatic Repeat reQuest (ARQ) feedback have been proposed to avoid to
keep all available antennas on, thus enabling MIMO gains with a single RF
chain and a single power amplifier. This solution is named Incremental MIMO.
The main idea is to reduce complexity and to improve the energy efficiency by
having one active antenna at a time, but to exploit ARQ feedback to randomly
cycle through the available antennas at the transmitter in case of incorrect data
reception.

| Encoder o " * Decoder [—*

ARCQ) Feedback

P. Hesami and J. N. Laneman, “Incremental use of multiple transmitters for low-complexity diversity
transmission in wireless systems,” IEEE Trans. Commun., vol. 60, no. 9, pp. 2522-2533, Sep. 2012. 29



Transmission Concepts Related to SM (3/4)

New directional modulation schemes for mm-Wave frequencies have been
proposed to enable secure and low-complexity wireless communications. The
solution is named Antenna Subset Modulation (ASM). The main idea in ASM is
to modulate the radiation pattern at the symbol rate by driving only a subset of
antennas in the array. While randomly switching antenna subsets does not
affect the symbol modulation for a desired receiver along the main direction, it
effectively randomizes the amplitude and phase of the received symbol for an
eavesdropper along a sidelobe.

Alice *\é‘{g

N. Valliappan, A. Lozano, and R. W. Heath Jr., ""Antenna subset modulation for secure millimeter-wave

wireless communication'. Available at: http://repositories.lib.utexas.edu/handle/2152/ ETD-UT—ZOlZ-O(S)-
3
5547.



Transmission Concepts Related to SM (4/4)
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A Glimpse into the History of SM

2001 2002 2004 2006 2008 2009 2011 2012 / 2013

[2001] Y. Chau, S.-H. Yu, “Space Modulation on Wireless Fading Channels”, IEEE VTC-Fall

[2002] H. Haas, E. Costa, E. Schultz, “Increasing Spectral Efficiency by Data Multiplexing Using
Antennas Arrays”, IEEE PIMRC

[2004] S. Song, et al., “A Channel Hopping Technique I: Theoretical Studies on Band Efficiency
and Capacity”, IEEE ISCA

[2006] R. Y. Mesleh, H. Haas, et al.,, “Spatial modulation - A New Low Complexity Spectral
Efficiency Enhancing Technique”, ChinaCom

[2008] Y. Yang and B. Jiao, “Information-Guided Channel-Hopping for High Data Rate Wireless
Communication”, IEEE Commun. Lett.

[2008] R. Y. Mesleh, H. Haas, et al., “Spatial Modulation”, IEEE Trans. Veh. Technol.
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IEEE Trans. Wireless Commun.

[2011] M. Di Renzo, H. Haas, P. M. Grant, “Spatial Modulation for Multiple-Antenna Wireless
Systems - A Survey”, IEEE Commun. Mag.

[2012/2013] N. Serafimovski, A. Younis, M. Di Renzo, H. Haas, et al., '""Practical Implementation of
Spatial Modulation", IEEE Trans. Veh. Technol., (submitted) 33



Research Groups Working on SM

University of Edinburgh, UK (H. Haas)

CNRS - SUPELEC - University of Paris-Sud XI, France (M. Di Renzo)
Concordia University, Canada (A. Ghrayeb)

University of Tabuk, Saudi Arabia (R. Y. Mesleh)

University of Southampton, UK (L. Hanzo)

Princeton University, US (V. Poor)

Istanbul Technical University, Turkey (E. Basar, E. Panayirci)

Tokyo University, Japan (S. Sugiura)

Indian Institute of Science, India (K. V. S. Hari and A. Chockalingam)
Québec University - INRS, Canada (S. Aissa)

The University of Akron, US (H. R. Bahrami)

Academia Sinica, Taiwan (a large group)

Tsinghua University and many other universities, China (many groups)
Le Quy Don Technical University, Vietnam (T. X. Nam)

etc., etc., etc...

(U Ny I Ny Iy Ay Iy Ay Iy Iy Ay By My

Collaborations with: Univ. of L’Aquila (Italy), CTTC (Spain), Univ. of Bristol
(UK), Heriot-Watt Univ. (UK), EADS (Germany), etc... 34
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Transmitter Design — Encoding
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Transmitter Design — Encoding (1/7)

Spatial Modulation (SM)

SM - mapping table
Input | Antenna ; Transmit
Bits | number | symbol
_ 000 ! 1 T =1
ol 1 001 | 1 L+
1 e :{> 010 ¢+ 2 L -1
-
il 1 _ 100 , 3 P
101 | 3 +1
110 | 4 -1
111 | 4 +1

X
IS¢

0
0

+1

—» Modulator

| ¥

Spatial
Modulation

—» Modulator }—T

—» Modulator

T

-

—» Modulator

T

a

3 bpcu
N=2, M=4 N=4, M=2

Input Antenna Transmit Antenna Transmit
bits number symbaol number symbol
000 1 F14] 1 -1
001 1 -1+ 1 +1
010 1 =14 2 -1
011 1 +1- 2 +1
100 2 +1+j 3 -1
101 2 -14 3 +1
110 2 =14 4 -1
111 2 +1-] 4 +1

= Hxy, . +n

— h', +n

R. Y. Mesleh, H. Haas, S. Sinanovic, C. W. Ahn, and S. Yun, “Spatial modulation”, IEEE Trans. Veh.

Technol., vol. 57, no. 4, pp. 2228-2241, July 2008.

36




Transmitter Design — Encoding (2/7)

Space Shift Keying (SSK)

0 Information is conveyed only by the Spatial-Constellation diagram

» No signal modulation - more efficient power amplifiers (no linearity
constraints)

» Simplified demodulation

> Larger antenna-arrays are needed for the same spectral efficiency

b= H}l E}:ﬂ symbol | antenna index j | x = [:ﬁ ;rﬂT
0 0] 0 1 1 0 0 0T
0 1] 1 2 o 1 0 o
10 2 3 0 0 1 o
L 3 1 0o 0 o 1F

y = Hx, +n=h'+n

J. Jeganathan, A. Ghrayeb, L. Szczecinski, and A. Ceron, “Space shift keying modulation for MIMO
channels”, IEEE Trans. Wireless Commun., vol. 8, no. 7, pp. 3692-3703, July 2009. 37



Transmitter Design — Encoding (3/7)

Generalized SM and SSK

d SM and SSK are appealing because of their single RF design which
greatly simplifies the transmitter.

d However, their rates are:
> log,(N,) + log,(M) bpcu for SM
> log,(N,) bpcu for SSK

O Rate and complexity can be traded-off by allowing more than one
active antenna in each time instance, as well as by allowing different
numbers of active antennas per time slots:

> Generalized SSK
> Generalized SM
> Variable Generalized SSK/SM

38



Transmitter Design — Encoding (4/7)

Generalized SSK (GSSK)
b=[-f]1 bo bg] j x:[g;:l Tg --- .’E5]T
i [ 14
0 0 0] (1,2) ﬁ - 00 OﬂT
0 0 1 1,3)| |75 0 5 00
_ . - aT
0 1 0 (L4)| |75 00 55 0
0 1 1 (1,5) J 12 00 0 12'T Rate = 3bpcu
L : :O 1 1 0 O:T Nt=5
100 @y 0 v 00 =2
1 0 1 (24)| [0 55 0 55 0
. - - AT
1 1 0] 25| |0 55 00 =
- . - T
1 1 1] 34| |00 55 -5 0
s [ A T (N
xj _L Tig 0 0 T ;7,1-' U]‘ , Rate — 10g2 t
ny of N, ﬂu:-zmn values nt

J. Jeganathan, A. Ghrayeb, and L. Szczecinski, “Generalized space shift keying modulation for MIMO
channels,” IEEE PIMRC, pp. 1-5, 2008. 39



Transmitter Design — Encoding (5/7)

Generalized SM (GSM)

Grouped Bits | Antenna Combination (£) | Symbol (s)
0000 (1.2) -1
0001 (1.2) +1 Rate = 4bpcu
0010 (1.3) -1 N =5
0011 (1.3) +1 t
0100 (1.4) -1 n =2
0101 (1.4) +1 BPSK
0110 (1.5) -1
0111 (1.5) +1
1000 (2.3) -1
1001 (2.3) +1 Rate =| log
1010 (2.4) -1 ' n
1011 (2.4) 1 - t/
1100 (3.5) -1 +log, (|\/| )
1101 (3.5) +1
1110 (4.5) -1
1111 (4.5) +1

A. Younis, N. Serafimovski, R. Mesleh, and H. Haas, “Generalized Spatial Modulation,” Asilomar
Conference on Signals, Systems, and Computers, Pacific Grove, CA, USA, 2010. 40



Transmitter Design — Encoding (6/7)

Variable Generalized SSK/SM (VGSM /VGSSK)

Grouped Bits | Antenna Combination (T VESMY
000 (1)
001 (2) Rate = 3bpcu + log,(M)
010 (3) _
. | Nt =4
011 (4) _
100 (1.2) n, =1and 2
0] (0% MQAM /MPSK
110 (1.4)
111 (2.3)
N,
Rate _loo {|\v/|\_l_|ln Y‘(Nt H:lm (MYl 2™ 1 l=100. (MY (N. —1)
Atlvasm — e \ V)T RO Lak )J e UL I A
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Transmitter Design — Encoding (7/7)

Reasoning on the Tradeoffs

d Performance

PEP o< Q (\/SNR |Hx, - Hx, |

0 Signal processing complexity (detection)

2

15
1.28F

_ Complexity GSM
~ Complexity SM

e

0.5

0

O Total vs. active (RF chains) number of transmit-antennas
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Receiver Design — Demodulation (1/12)

d The first proposed demodulator for SM is based on a two-step
approach:

> Detection of the antenna index (spatial-constellation diagram)

> Detection of the modulated symbol (signal-constellation diagram)

| : |y

|

Detection I p— arg max< —,
antenna-index | ‘h H2

l \ | F J
Detection A : H _|I?
modulated-symbol S =argmin Hy —h; SHF

l

R. Y. Mesleh, H. Haas, S. Sinanovic, C. W. Ahn, and S. Yun, “Spatial modulation”, IEEE Trans. Veh.
Technol., vol. 57, no. 4, pp. 2228-2241, July 2008. 44



Receiver Design — Demodulation (2/12)

d Maximum-Likelihood (ML) optimum decoding:

> Spatial- and signal-constellation diagrams are jointly decoded

|

SM . 7
= ar%n)nn {Hy —h,x, HF }

(f, §) = ar%I glin {Hy —HX,

J. Jeganathan, A. Ghrayeb, and L. Szczecinski, “Spatial modulation: Optimal detection and performance
analysis”, IEEE Commun. Lett., vol. 12, no. 8, pp. 545-547, Aug. 2008. 45



Receiver Design — Demodulation (3/12)

[ Many other sub-optimal demodulators have been proposed recently.

d In general, they offer a trade-off between complexity and
performance.

O Sometimes, they provide goof performance for low/medium SNRs,
while they performance degrades for high SNRs.

[ We consider two examples:
» The application of Compressed Sensing to SM
» The application of Sphere Decoding to SM

C.-M. Yu, S.-H. Hsieh, H.-W. Liang, C.-S. Lu, W.-H. Chung, S.-Y. Kuo, and S.-C. Pei, "Compressed
Sensing Detector Design for Space Shift Keying in MIMO Systems', IEEE Commun. Lett., vol. 16, no. 10,

pp- 1556-1559, Oct. 2012.
A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.

Commun. Conf., June 2011, pp. 1-6. 46



Receiver Design — Demodulation (4/12)

Compressed Sensing (CS) Generalized Space Shift Keying

[ The idea is to leverage the inherent sparsity of SSK modulation: the

number of active antennas is much less that the radiating elements
(n, <N)

[ SSK demodulation is re-formulated as a convex program via CS
[ CS-SSK uses 1-norm metric instead of 2-norm of ML demodulation

d The demodulation complexity is:

(ML:O(NrNt”t)
\
)

C?

C.-M. Yu, S.-H. Hsieh, H.-W. Liang, C.-S. Lu, W.-H. Chung, S.-Y. Kuo, and S.-C. Pei, "Compressed
Sensing Detector Design for Space Shift Keying in MIMO Systems', IEEE Commun. Lett., vol. 16, no. 10,
pp- 1556-1559, Oct. 2012. 47



Receiver Design — Demodulation (5/12)

Compressed Sensing (CS) Generalized Space Shift Keying

=/ pHx+n
y ECNer, X € RNtXI, H ECNrXNt,n ECerl

X 1S a zero/one vector with n, one entries

i

.

[ The idea is to leverage the inherent sparsity of SSK modulation: the
number of active antennas is much less that the radiating elements

(n, <N))

d x can be re-constructed with high probability by 1-norm
minimization, as follows:

N
Y — m1n f
P ¥ 111111 l

N’

y(I)x

C.-M. Yu, S.-H. Hsieh, H.-W. Liang, C.-S. Lu, W.-H. Chung, S.-Y. Kuo, and S.-C. Pei, "Compressed

Sensing Detector Design for Space Shift Keying in MIMO Systems', IEEE Commun. Lett., vol. 16, no. 10,
pp- 1556-1559, Oct. 2012. 48



Receiver Design — Demodulation (6/12)

Compressed Sensing (CS) Generalized Space Shift Keying

O where:

> @ is an N_XN, that satisfies the Restricted Isometric Property (RIP). CS
theory says that, with high probability, matrix ® can be obtained by
generating its elements from a Normal distribution with zero mean and
variance 1/N_. The RIP ensures that pairs of columns of @ are
orthogonal to each other with high probability.

» The number of observations N, should be chosen as follows:

N, =0O| n, log, Ny
n,
d The authors use Orthogonal Matching Pursuit (OMP). The idea is
find the non-zero elements of x by computing the correlation ®y. If
@ satisfies the RIP, then ®Td is nearly orthonormal and the largest
coefficients of @1y correspond to the non-zero coefficients of x.

C.-M. Yu, S.-H. Hsieh, H.-W. Liang, C.-S. Lu, W.-H. Chung, S.-Y. Kuo, and S.-C. Pei, "Compressed
Sensing Detector Design for Space Shift Keying in MIMO Systems', IEEE Commun. Lett., vol. 16, no. 10,
pp- 1556-1559, Oct. 2012. 49



Receiver Design — Demodulation (7/12)

Sphere Decoding (SD) Spatial Modulation

0 Optimum detector based on the ML principle:

ML ML ; 2
[e™),sM]= argmin {||y-h,s |} }
e{l,2,..,N }

S€{S{,57,-sSMm |

Nr
= argmin Z|yr—hms|2}

le{l,2,..,N} r=1
SE{S1,8,Sm |

d Computational complexity of ML (real multiplications):

C.; =8N N .M

evaluatin

since

multiplications

0]
¢
¥
(@)
=

A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.
Commun. Conf., June 2011, pp. 1-6. 50



Receiver Design — Demodulation (7/12)
Sphere Decoding (SD) Spatial Modulation

d The SD algorithm avoids an exhaustive search by examining only
those points that lie inside a sphere of radius R:

y(N,,2aN,)=T(N,)(1-¢)

root
K === 2
i R=2aN, oy
.ff ;
I e L B 1'\
/7 ,
£ v 4 vo¥ by
PN Siras
P . S . | N . N
r AN 4 A
¥ ¥ ¥ X ¥ ¥ ¥ X

A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.
Commun. Conf., June 2011, pp. 1-6. 51



Receiver Design — Demodulation (8/12)

Sphere Decoding (SD) Spatial Modulation

O Three sphere decoders for SM are proposed and studied:

1.

Rx-SD, which aims at reducing the receive search space

N, (£,5)
Rx-SD Rx-SD . 2
[ARSD) s (S0~ g min { > 1y, ~h,s) }

e{l,2,...,N} r=1
Se{S;,575Sm |
N, (¢,s)=N,

Tx-SD, which aims at reducing the transmit search space

Nr
Tx-SD Tx-SD . 2
AT s >]=argmm{§j,| y,—h,s| }

(£,5)e0g [ r=1

C-SD, which aims at reducing both transmit and receive search
spaces

\ (C_CM) (N&S) ’71
5= argmin{ Y. |y, —h, s |’
(g:S)EG)R r=1
N,(/,s)=N,

A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.
Commun. Conf., June 2011, pp. 1-6. 52



Receiver Design — Demodulation (9/12)

Sphere Decoding (SD) Spatial Modulation — Rx-SD

0 Rx-SD searches the paths leading to each point (I,s) as long as it is
still inside the sphere when adding up the signals at each receive-
antenna

[\
»
—

A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.
Commun. Conf., June 2011, pp. 1-6. 53



Receiver Design — Demodulation (10/12)

Sphere Decoding (SD) Spatial Modulation — Tx-SD

4 N ! N
A s PSP ] = argming Y|y, ~h, s |
r=1 )

(£,5)e0g
OR = {(f.s) with £ € {1,2,... N} and s € {s1, 52, ... sar}| |7 — HRe 6|2 < RQ}
2N, 2N, 2
=< (,s) with £ e {1,2,...] N:} and s € {sy,S2,...50} Z Z; — Z;ﬁi:jfj (¢, s) < R(QQ
i=1 1=t
—liq +2 _ Rq + z;
Q1T g (0 s) <« 2
Di.i Dii
—diley - B g Ro L+ 3. .
Q - 2,2+ Nt g Tz’ (F S) S Q _ 1,2+ Ny
Pii Pii

A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.
Commun. Conf., June 2011, pp. 1-6. 54




Receiver Design — Demodulation (11/12)

Sphere Decoding (SD) Spatial Modulation — C-SD

1 The C-SD is a two—step detector that works as follows:

1. First, the Tx—SD algorithm is used to reduce the transmit search
space. The subset of points @ is computed

2. Second, the Rx—-SD algorithm is used to reduce the receive
search space. More specifically, Rx—=SD is applied only on the
subset of points @ computed in Step 1

(N, (£,5) )
[P 5 €)= argmin | Y |y, ~h, s [}
I(\Igjs )EG)R_M ~ r=l y

A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.
Commun. Conf., June 2011, pp. 1-6. 55



Receiver Design — Demodulation (12/12)

Sphere Decoding (SD) Spatial Modulation — C-SD

d The complexity of Rx-SD is:

d The complexity of Tx—SD is:
Crysp =Cp, +8N card{O }

d The complexity of Cx—SD is:
Ceosp =Co. +8 D, N (£,3)

(£,5)eBg

A. Younis, M. Di Renzo, R. Y. Mesleh, and H. Haas, “Sphere decoding for spatial modulation,” IEEE Int.
Commun. Conf., June 2011, pp. 1-6. 56
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Error Performance — Numerical Results (1/24)

6bpcu —i.i.d. Rayleigh fading
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Error Performance — Numerical Results (2/24)

n 8bpcu —i.i.d. Rayleigh fading
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Error Performance — Numerical Results (3/24)

. 6bpcu — 3GPP channel model
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Error Performance — Numerical Results (4/24)

8bpcu — 3GPP channel model

1
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Bit Error Ratio
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Error Performance — Numerical Results (5/24)

3bpcu —i.i.d. Raylelgh fading — N =4
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Error Performance — Numerical Results (6/24)
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Error Performance — Numerical Results (7/24)

0

1bpcu and 3bpcu —i.i.d. Rayleigh fading — N =2
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Error Performance — Numerical Results (8/24)

Ibpcu and 3bpcu —1.i.d. Rayleigh fading — N =1, 2, 4
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Error Performance — Numerical Results (9/24)

3bpcu —i.i.d. Rayleigh fading — N =4
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8bpcu —i.i.d. Rayleigh fading — N =4
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Error Performance — Numerical Results (11/24)

8bpcu — Rayleigh fading, exponential correlation (8=0.6) — N =4
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8bpcu — Rician fading, exponential correlation ($=0.6) — N =4
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i.i.d. Rayleigh fading
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i.i.d. Rayleigh fading

Setup “2”:
N, =256,n, =2, N, =16

Symbol error rate

Setup “3”:
N,=64,n, =3, N, =24
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i.i.d. Rayleigh fading
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Error Performance — Numerical Results (17/24)

i.i.d. Rayleigh fading — N =4, N =4
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i.i.d. Rayleigh fading — N =2, N =2
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i.i.d. Rayleigh fading — N =4, N_=4
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i.i.d. Rayleigh fading — N, =8, N =8
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Single-RF vs. Multi-RF (SSK vs. Spatial-Multiplexing MIMO)

m{’_ : ! : : !

ABEP

| —%— SSK (N, = 64)
MIMO-QAM (M = 64, N, = 1)| |
10 ;—E—MlMD-QAM{M:E.NT:EJE .......... e T S Mg =y
| — = MIMO-QAM (M=4,N,=3) | ' '
MIMO-QAM (M = 2, N, =6} |

1{]_5 I T j ] i
0 L 10 15 20 25 30

E,/Np [dB]

M. Di Renzo and H. Haas, “Bit Error Probability of Space Shift Keying MIMO over Multiple-Access
Independent Fading Channels”, IEEE Trans. Veh. Technol., Vol. 60, No. 8, pp. 3694- 3711, Oct. 2011. 79



Error Performance — Numerical Results (23/24)

Single-RF vs. Multi-RF (SM vs. Spatial-Multiplexing MIMO)
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Single-RF vs. Multi-RF (SM vs. Spatial-Multiplexing MIMO)
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Proposition 1: The ABEP in (3) can be tightly upper
bounded as follows:
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Diversity Analysis of Spatial Modulation

[ The diversity order over Nakagami-m fading channels is:
Div,, = mm{Nr, mNakNr}

> If my, > 1, Divyy, = N, the ABEP is dominated by the spatial-
constellation diagram

> If my,, <1, Divg,; = my, N,, the ABEP is dominated by the signal-
constellation diagram

> Divgpo = my, N, for every my,,

[ The diversity order over Rician fading channels is:

< NI

h‘ —
DV = N,

M. Di Renzo and H. Haas, “Bit Error Probability of Spatial Modulation (SM-) MIMO over Generalized
Fading Channels”, IEEE Trans. Veh. Technol., Vol. 61, No. 3, pp. 1124-1144, Mat. 2012. 101
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i.i.d. Rayleigh Fading
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i.i.d. Rayleigh Fading
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M. Di Renzo and H. Haas, “Bit Error Probability of Spatial Modulation (SM-) MIMO over Generalized
Fading Channels”, IEEE Trans. Veh. Technol., Vol. 61, No. 3, pp. 1124-1144, Mat. 2012. 103




Error Performance — Main Trends (23/38)

i.i.d. Rayleigh Fading

N, — 1
Rate (R) / ALX/Y) 2 bpcu 3 bpcu 4 bpcu 5 bpcu 6 bpcu
—2.4304 —0.9691 0.5799 2.0412 3.2906
(PSK, SM-PSK) N.A. —1.5761 0.2803 2.2640 4.2597
N.A. N.A. 0.0684 2.1512 4.3511
—2.4304 —1.0939 —3.3199 —2.2055 —4.1422
(QAM, SM-QAM) N.A. —1.7009 —2.7542 —3.3406 —4.3064
N.A. N.A. —2.9661 —2.3416 —4.9156
0.5799 0.7918 —0.2854 0.2460 —(.3481
(SSK, SM-QAM) N.A. 0.1848 0.2503 —0.8890 —0.5123
N.A. N.A. 0.0684 0.1100 —1.1215

M. Di Renzo and H. Haas, “Bit Error Probability of Spatial Modulation (SM-) MIMO over Generalized
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Fading Channels”, IEEE Trans. Veh. Technol., Vol. 61, No. 3, pp. 1124-1144, Mar. 2012.




Error Performance — Main Trends (24/38)

i.i.d. Rayleigh Fading

N, — 2

Rate / AX/Y) 2 bpcu 3 bpcu 4 bpcu 5 bpcu 6 bpcu
—1.0543 1.9011 4.5154 5.6931 5.9642

(PSK, SM-PSK) N.A. 1.6453 5.3471 8.8845 11.1650
N.A. N.A. H.2585 9.2429 13.1632

—1.0543 1.7709 0.1040 2.3751 0.9242

(QAM. SM—QAM) ||  N.A. 1.5152 2.0064 2.2836 2.6976
N.A. N.A. 1.9177 4.2581 2.5484

0.4509 0.3959 —1.7622 —1.8280 —3.6242

(SSK, SM-QAM) N.A. 0.1401 0.1401 —1.9196 —1.8508
N.A. N.A. 0.0515 0.0550 —2.0000

M. Di Renzo and H. Haas, “Bit Error Probability of Spatial Modulation (SM-) MIMO over Generalized
Fading Channels”, IEEE Trans. Veh. Technol., Vol. 61, No. 3, pp. 1124-1144, Mar. 2012.
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Error Performance — Main Trends (25/38)

i.i.d. Rayleigh Fading

N, =3
Rate / ALX/Y) 2 bpcu 3 bpcu 4 bpcu 5 bpcu 6 bpcu
—0.6461 3.0103 5.5248 5.9627 6.0094
(PSK, SM-PSK) N.A. 2.8560 7.2677 10.9352 11.9378
N.A. N.A. 7.2144 11.8624 16.1295
—0.6461 2.7651 0.9978 3.3520 1.6807
(QAM, SM-QAM) N.A. 2.6108 3.6577 3.8842 4.4339
N.A. N.A. 3.6044 6.5402 4.7666
0.3574 0.2639 —2.5664 —3.1516 —H.7457
(SSK, SM-QAM) N.A. 0.1096 0.0934 —2.6194 —2.9926
N.A. N.A. 0.0401 0.0367 —2.6598

M. Di Renzo and H. Haas, “Bit Error Probability of Spatial Modulation (SM-) MIMO over Generalized
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Fading Channels”, IEEE Trans. Veh. Technol., Vol. 61, No. 3, pp. 1124-1144, Mar. 2012.




Error Performance — Main Trends (26/38)

AREP

CoM [Improved Uinion-Bound]
1077 | —— QAM [Union-Bound)
2 SM-0AM [Monte Carlo]

Sh-CAM [Improved Union-Bound] | : -:
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D ] 10 15 20 25 a0 35 40 45 a0
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Fig. 2. ABEP of QAM (MQAM — 64) and SM-QAM (M =32, N; = 2)
against Em /No. Accuracy of proposed analytical framework (denoted by
“improved union-bound” in the legend) and conventional union bound (denoted
by “union-bound” in the legend) for unit-power {crg = 1) i.i.d. Rayleigh fading
(the rate is i = 6 bpcu). 107



Error Performance — Main Trends (27/38)
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Fig. 3. ABEP of SM-PSK against E,; /Np. Performance comparison for
vanous sizes of signal and spatial constellation diagrams. Accuracy of proposed
analytical frameworks for unit-power ['-:rD = 1) i.i.d. Rayleigh fading (the rate
is H = 4 bpcu). The setup (M = 2, N; = 8) is not shown as it overlaps with
the setup (M = 4, N: = 4). 108



Error Performance — Main Trends (28/38)
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Fig. 4. ABEP of SM-QAM against Em /Np. Pedformance comparison for
varnous sizes of signal and spatial constellation diagrams. Accuracy of proposed
analytical frameworks for unit-power ['-:rg = 1) i.i.d. Rayleigh fading (the rate
is = 4 bpcu). The setup (M = 2, N; = 8) is not shown as it overlaps with
the setup (M = 4, N; = 4).
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Error Performance — Main Trends (29/38)
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Fig. 5. ABEP of SM-PSK against E,, /Ny, Performance comparison for
various sizes of signal and spatial constellation diagrams. Accuracy of proposed
analytical frameworks for unit-power [JE = 1) i.1.d. Rayleigh fading (the rate
15 H = 5 bpcu). The setup (M = 2, N; = 16) is not shown as it overlaps with
the setup (M = 4, N; = 8).
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Error Performance — Main Trends (30/38)

'"]ﬂ = T T *  Monte Carlo [M=16, NI=2|
: : : Model [M=16, Nt=2]
s <o ModekHighSNR [M=15, Ni=2]
. : 2 Wonte Carlo [M=8, Ni=d]
A Bl SN R - o Model [M=3, Ni=d]
v Model-HighSNR [M=8, Ni=4]
- Y ¢+ Monte Carlo [M=4, N1=8]
T TR . U 0, 4, T Madel [M=4, Ni=5]
o 1 QAT Maodel-HighSNR [M=4, Nt=8]
. . B & 3
S e s R R R L TITTIY TR i, .
N =2 :
m“‘ ....................................... -ITTPITY -
1“5 1 g i |
0 g 10 15 20 25 30 35 40 45 &0

E_/MN, [dB]

Fig. 6. ABEP of SM-QAM against F'm /Ngp. Performance comparison for
various sizes of signal and spatial constellation diagrams. Accuracy of proposed
analytical frameworks for unit-power [r:.rg = 1) i.i.d. Rayleigh fading (the rate
is B = 5 bpcu). The setup (M = 2, N; = 16) is not shown as it overlaps with
the setup (M =4, N; = 8).
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Error Performance — Main Trends (31/38)
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Fig. 7. ABEP of SM-PSK against Em /No. Performance comparison for
various sizes of signal and spatial constellation diagrams. Accuracy of proposed
analytical frameworks for unit-power [crg = 1) i.i.d. Rayleigh fading (the rate
1s R = 6 bpcu). The setup (M = 2, Nt = 32) is not shown as it overlaps with
the setup (M = 4, N = 16).
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Error Performance — Main Trends (32/38)
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Fig. 8. ABEP of SM-QAM against E'vm /Np. Performance comparison for
various sizes of signal and spatial constellation diagrams. Accuracy of proposed
analytical frameworks for unit-power [{:Fg = 1) i.i.d. Rayleigh fading (the rate
15 £ = 6 bpcu). The setup (M = 2, Ny = 32) is not shown as it overlaps with
the setup (M =4, N; = 16). 113



Error Performance — Main Trends (33/38)
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Fig. 9. ABEP against E',, /N over i.i.d. Nakagami-m fading (mp,;. = 1.0,
i.e., Rayleigh, N,. = 2, and rate K = 6 bpcu). Performance comparison and
accuracy of the analytical framework for SM-QAM, QAM, and S5K. 114



Error Performance — Main Trends (34/38)
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Fig. 10. ABEP against E',,, /Ny over i.i.d. Nakagami-m fading (mpy,,. = 0.5
and myakx = 1.5, N, = 2, and rate R = 6 bpcu). Performance comparison
and accuracy of the analytical framework for SM-QAM, QAM. and 55K.
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Fig. 11. ABEP of SM-QAM against F., /Ny over correlated (at the trans-

mitter) and identically distributed Nakagami-m fading (mip, = 0.5 and
myak = 1.5, Nr = 2, and rate R = 6 bpcu). Performance comparison and
accuracy of the analytical framework for M = 2 and N; = 32.
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Error Performance — Main Trends (36/38)
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Fig. 12. ABEP of SM-QAM against E', /Np over correlated (at the trans-
mitter) and identically distributed Nakagami-m fading (mpyzx = 0.5 and
Mgk = 1.5, N = 2, and rate R = 6 bpcu). Performance comparison and

117
accuracy of the analytical framework for M = 32 and N: = 2.
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Fig. 13. ABEP of SM-QAM against F',, /Ny over correlated (at the receiver)
and identically distributed Nakagami-m fading (mip, = 0.5 and mipy,, =
1.5, N = 2, and rate H = 6 bpcu). Performance comparison and accuracy

of the analytical framework for M = 2 and N; = 32. 118
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Fig. 14. ABEP of SM-QAM against F,,, /Np over correlated (at the receiver)
and identically distributed Nakagami-m fading (myax = 0.5 and myzx =
1.5. N, = 2, and rate H = 6 bpcu). Performance comparison and accuracy
of the analytical framework for M = 32 and N; = 2.

119



Outline

Achievable Capacity

° L xRk Dd=

g T O S Y
® N & 0 B W D PO

120



Achievable Capacity (1/5)

0 Receiver Diversity case:n, =1, n. =n
C =log 1+ pyg;,]
0 Transmit Diversity case: n,=n,n_=1
C =logl+(p /) 15,1

0 Combined Transmit and Receiver Diversity: n, 2 n_
Ny

C> > logl+(p/n) ]

k=ny —(ng—1)

0 Cycling using one transmitted at a time:
L
2
C=(1/n) logofl+ py3, ;]
=1

G. J. Foschini and M. J. Gans, “On limits of wireless communication in a fading environment when using
multiple antennas,” Wireless Personal Commun.: Kluwer Academic Press, no. 6, pp. 311-335, Mar. 1998. 121



Achievable Capacity (2/5)

Cqy (N, x1)=C, +C, ~C,

C, :Niilogz(l+p‘hm‘2)

t m=1

C, :NLZ _!:f(y‘hm)long f ]E)E‘:;)jdy

f(y)=ed : eXp(— o ]
N, mo 7z'(|hmlzo"2x—|—o'il\) lhm|20'>2<-|—0',3|

. \' / AN Ve
f(y/hn)

Y. Yang and B. Jiao, “Information-guided channel-hopping for high data rate wireless communication”,
IEEE Commun. Lett., vol. 12, no. 4, pp. 225227, Apr. 2008. 122



Achievable Capacity (3/5)
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Y. Yang and B. Jiao, “Information-guided channel-hopping for high data rate wireless communication”,
IEEE Commun. Lett., vol. 12, no. 4, pp. 225227, Apr. 2008. 123



Achievable Capacity (4/5)
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Y. Yang and B. Jiao, “Information-guided channel-hopping for high data rate wireless communication”,
IEEE Commun. Lett., vol. 12, no. 4, pp. 225227, Apr. 2008. 124



Achievable Capacity (5/5)
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Y. Yang and B. Jiao, “Information-guided channel-hopping for high data rate wireless communication”,
IEEE Commun. Lett., vol. 12, no. 4, pp. 225227, Apr. 2008. 125
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Channel State Information at the Transmitter (1/22)

O The performance of SSK/SM modulation significantly depends on the
wireless channel statistics, and power imbalance may improve the
performance

Q Can power imbalance be created via opportunistic power allocation?

0 Assumptions:
> N, =2
» Correlated Rayleigh fading channel
> E,#E,

, -
ABEP(EI,EZ):l—l 27
J 2 2\1+5%7

=Eo’ +E,0; - 2,0\/7\/7010'2 and y /(4N)

M. Di Renzo, H. Haas, “Improving the Performance of Space Shift Keying (SSK) Modulation via
Opportunistic Power Allocation”, IEEE Commun. Lett., Vol. 14, No. 6, June 2010. 127



Channel State Information at the Transmitter (2/22)

( £’ E;) = ar(gggn{ABEP(El, E, )|
4
subject to: 5 + 5 =
2 2

g

a If 62> 0,22 (E{,E,") = (2E_,0) and 6,;* = 6,
a If 6,2 > 622 (E{,E,) = (0,2E_ ) and 6,;* = 0,>

SNRgain = SNESSK
SNROOSSK

=10log,,

dB
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Channel State Information at the Transmitter (3/22)
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Channel State Information at the Transmitter (4/22)
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Channel State Information at the Transmitter (5/22)

d The symbol error rate (SER) performance highly depends on the
Euclidean distance between pairs of these vectots

d Optimization problem: how to design the transmit vectors using

CSIT such that the distance between pairs of constellation vectors at
the receiver is larger

d Two methods are proposed:

» In the first method, no constraint on the structure of the transmit
vectors is imposed (Multi-Antenna Space Modulation: MSMod)

> In the second method, the transmit vectors have only one non-zero entry
(Modified Space Shift Keying: MSSK)

M. Maleki, H. R. Bahrami, S. Beygi, M. Kafashan, and N. H. Tran, "Space Modulation with CSI:
Constellation Design and Performance Evaluation", IEEE Trans. Veh. Technol.. [Online]. Available:
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6376256. 131



Channel State Information at the Transmitter (6/22)
MSMod with Full-CSIT

N
1 t
O D ST RV
N — 2
=1
g
N
1 2
< ¥ exp (—‘*:f [Hp; — Hpy| ) = Ap
N e
=1
vy,
[ (p1*.p2",. .. py)= argmin {Ap}
) (P1.P2,- PN, )

N, X )
st S Ipd? = N
=1

M. Maleki, H. R. Bahrami, S. Beygi, M. Kafashan, and N. H. Tran, "Space Modulation with CSI:
Constellation Design and Performance Evaluation", IEEE Trans. Veh. Technol.. [Online]. Available:
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6376256. 132



Channel State Information at the Transmitter (7/22)

MSMod with Full-CSIT: Optimal Solution

>
P = 0ivy
N, /
=2 ) exp (<l - 6) = 5
k=1, k£l
Ny
01> =N
0" = Ny
k=1
O v, is the right singular vector related to the largest singular value of H
O e,is the largest singular value of H
O A’ is a constant
|_| nnffnm lihao ﬂ NN l\n o~ Nnoon *NArm nnhrrnhiﬂnﬂnl DQY /nA-,\ nnﬂofn]]nfinﬂo
\ll AU LLULLL 11114 . Uk VCAll GO L11UODNV 11 11 Vlll LyvllvhiliililivliiAal 4oL LJJ.X/ \{iu'l. CULIOWL1I1IALLIUL1ID
O Similar results apply to the imperfect CSIT case (H_..,. = H + N)

M. Maleki, H. R. Bahrami, S. Beygi, M. Kafashan, and N. H. Tran, "Space Modulation with CSI:
Constellation Design and Performance Evaluation", IEEE Trans. Veh. Technol.. [Online]. Available:
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6376256. 133
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MSSK with Full-CSIT

N,
1 p
Py |H - , — \|pih; — prhi
v | H < N 1—15 . Q (ﬁllm | — Dk aH)

14k
Ny
N, Z exp (—’?‘”chz _thkHz) = Ap

1=1, k=1
14k

A
|

AN

(p1*,p2™. ..., pN,*) = argmin {Ap}
(pl:pﬂs'-'upﬁ'rt)

sit. > ‘pg|2 — Ny

M. Maleki, H. R. Bahrami, S. Beygi, M. Kafashan, and N. H. Tran, "Space Modulation with CSI:
Constellation Design and Performance Evaluation", IEEE Trans. Veh. Technol.. [Online]. Available:
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6376256. 134
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MSSK with Full-CSIT: Optimal Solution

d Find
pi = riexp (jo;)

1 Such that the following function is MINIMIZED:
N

2 . 2
> exp{ =y (Il + i = 2ririen ) |

k=1,1=1
k£l

- (N H

M. Maleki, H. R. Bahrami, S. Beygi, M. Kafashan, and N. H. Tran, "Space Modulation with CSI:
Constellation Design and Performance Evaluation", IEEE Trans. Veh. Technol.. [Online]. Available:
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6376256. 135
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MSSK with Full-CSIT: Optimal Solution

— - X (J (T + 92 — 9))

5 - EXP (J’Qz)

O If N, =2:
4 :
= |1 [hi][?—[[ho]?
< \/4;L2+ (Ih1 |2 —[h2|?)
S [ba|®—[[hy |
\ \/zm + (b [~ ha?)
> with

hy " hy
P1L—P2=T—0

exp (jo)

M. Maleki, H. R. Bahrami, S. Beygi, M. Kafashan, and N. H. Tran, "Space Modulation with CSI:
Constellation Design and Performance Evaluation", IEEE Trans. Veh. Technol.. [Online]. Available:

http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6376256.
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MSSK with Full-CSIT: Optimal Solution

d If N, > 2, a sub-optimal iterative
approach is proposed:

>

In each iteration, the pair of
vectors with s-th minimum
distance is considered and the
optimal solution for N, = 2 is
computed

To guarantee that the error
performance does not increase
with the iterations, an error
function is introduced

N,
err (x,l) = Z Q (\/%”4‘5113 _pih"‘||)

i=1,izl

» Iteration over s: s-th minimum

distance  over  pairs  of
transmission vectors

Algorithm 1 MSSK signal design algorithm with full CSIT
(N; = 2)
. m=p=...=pN, =1, 5=1

2. G = H.diag {p1,pz,---,PN,}

3. (I*,E*) = argmin {||g; — g|| . 5}
[k

L] - )
i [= -+ 1 =
4. M ks = -||l|.' [ I:-".F'Jr

5. Calculate qi- and gi- using (36) with ¢* =0

6. * = arg min {err (gre. exp (§w) . [*) + err (ges . exp (5], k*)}

>
1. g« = que.explje*), Gre = g expje*)

If err(gpe , [*) + err(ges, k*) < err{pg,1*) + err (pgs, k*)

—a=1

— Pi= ==

— Pi* = Qi
else

—g=8+1
endi f

9. Go to step 2




Channel State Information at the Transmitter (12/22)

138




Channel State Information at the Transmitter (13/22)

Probability of Srror

Fig. 3. SER for SSK, MS5SK, and MSMod schemes with full CSIT (N; = 4,
Ny =2.4) 139
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Fig. 4. SER for S5K. M55K, and MSMod schemes with imperfect CSIT
(N =2, Np = 2, J%I = 1) 140



Channel State Information at the Transmitter (15/22)
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Fig. 5. Performance comparison of M5SMod with other MIMO transmission

schemes with CSIT (N; =4, N, = 4) 141
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Probhabihity of Error

Fig. 6. Performance comparison of modified SSK/SM with antenna selection 142
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Channel
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P. Yang, Y. Xiao, L. Li, Q. Tang, Y. Yu, and S. Li, "Link Adaptation for Spatial Modulation With Limited
Feedback", IEEE Trans. Veh. Technol., vol. 61, no. 8, pp. 3808-3813, Oct. 2012.
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The Approach

|
d?. (H)

P (X’i — leI_I) A Q ZN[} min

0

dlnin (H) — _InaX HH(X’E T Xj)

X ; }{jEA HF
}{.i#){j

P. Yang, Y. Xiao, L. Li, Q. Tang, Y. Yu, and S. Li, "Link Adaptation for Spatial Modulation With Limited
Feedback", IEEE Trans. Veh. Technol., vol. 61, no. 8, pp. 3808-3813, Oct. 2012. 144
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The Proposed Adaptive Transmission Schemes

q, El] = arg max Amin(qi, d;)
q-‘!_[K g}
d;= [rE ..... d;?---.d;{}
{qi d;|log(d; - K;) = m,and d} = d; } for AMS-SM

1

{qi: d;|log(K) + + log (H dk) = m,and K € {K, KL}} for ASM
subject to 4 i
J

K,
{qhdﬂlog(fﬂ-] —I—Ki-iloﬁ (k d” ) =m, and 7 = l....:L} for OH-SM
1

\

AMS
{'Eli:d_ﬂ log(Kams) + FJMI: ( H ) =m, and q; = q_mg} for C-SM
o k=1

O AMS-SM: Adaptive Modulation Scheme Spatial Modulation
O ASM: Adaptive Spatial Modulation

d OH-SM: Optimal Hybrid Spatial Modulation

0 C-SM: Concatenated Spatial Modulation

P. Yang, Y. Xiao, L. Li, Q. Tang, Y. Yu, and S. Li, "Link Adaptation for Spatial Modulation With Limited
Feedback", IEEE Trans. Veh. Technol., vol. 61, no. 8, pp. 3808-3813, Oct. 2012. 145
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Fig. 2. BER performance at 3 bits/s/Hz for link-adaptation and conventional

SM schemes under uncormrelated channel conditions. 146
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Fig. 3. BER performance at 4 bits/s/Hz for link-adaptation and conventional
SM schemes under uncorrelated channel conditions.
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Imperfect Channel State Information at the Receiver
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Imperfect Channel State Information at the Receiver (1/23)

The working principle of SM/SSK is based on the following facts:
1.  The wireless environment naturally modulates the transmitted signal
2.  Each transmit-receive wireless link has a different channel

3. The receiver employs the a priori channel knowledge to detect the
transmitted signal

4. Thus, part of the information is conveyed by the Channel Impulse
Response (CIR), i.e., the channel/spatial signature

How Much Important is
Channel State Information for SSK/SM Modulation?
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Q Perfect CSI (channel gains and phases): F—=CSI (SSK)

/A

M = arg max

{mi)

¥

D, =Re [ r(t)s"(t)dt

[ Partial CSI (channel gains): P-CSI (SSK)

M = arg max {ln | D, ]}

{m }.Nztl

D.=ln[Di]=<

-

E 2
in 1,| Yool || - Enf
N, 2N,
2
JE. [ 7| Enf
ms~i| |

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation With Partial Channel State Information:
Optimal Detector and Performance Analysis Over Fading Channels”, IEEE Trans. Commun., Vol. 58, No.
11, pp. 3196-3210, Nov. 2010.
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() =JEAex(in)w(t)+n(t) | =wEmax{in[D]

17 = [r(t)w (t)dt 1 _ _ 2
oo 5,~1n[D] - VL - 2
ugs

( ) N, N,
ABEP < N (i,,i,) APEP(TX, — TX; )
9 Nt lng(Nt) i, =1 i, =i, +1 i 1
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2x1 MIMO, Correlated (9p=0.64) Nakagami-m Fading

- E E
—1 m*:-l:“ l.-: : E%H"'ﬁ :
10 :,‘h“.:f ............ bﬁ_‘{i\f; =:
C g : % : ]

Scenario a:
Q.=1, ,=1, m=2, m,=5

Scenario b:
Q,=10, ,=1, m;=2, m,=5

ABEP

Scenario c:

[ 5 5 5 5 i 5 ]
-4 . . . ) . T i :
H —%— Monte Carlo : : o rﬁ;;_“«ﬁ ] 1 y mep— 4y LTI, 114
I Model ; Scenario ¢ €——"""g
Model — Approximation 5 : : : 1
107 - - - i i i i
0 5 10 15 20 25 30 35 40

EUINU

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation With Partial Channel State Information:
Optimal Detector and Performance Analysis Over Fading Channels”, IEEE Trans. Commun., Vol. 58, No.
11, pp. 3196-3210, Nov. 2010. 153



Imperfect Channel State Information at the Receiver (5/23)

10

10

ABEP

10

10°

4x1 MIMO, Correlated (exponential) Nakagami-m Fading

P- "ﬁ'*—'#_ :I:——#:
: .;;,_h%*%

| —=— Monte Garlo

]
i

T—)- Balanced

Model - SUB
Model - GUE!- . : . :
| | | |
O E- 1EI 15 20 25 30 35 40
EumD

Balanced:
192} 4= 1
Unbalanced:

Q=1 {Q}-, 4= 4i-4

Correlation:
Pi; =exp(-dy|i-j|)
d, = 0.22

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation With Partial Channel State Information:
Optimal Detector and Performance Analysis Over Fading Channels”, IEEE Trans. Commun., Vol. 58, No.

11, pp.

3196-3210, Nov. 2010.
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2x1 MIMO, Uncorrelated Nakagami-m Fading

veeee. > P-CSI

ABEFP

-> F-CSI

= N, =2, Balanced S fﬂ
= 0 Nt = 2, Unbalanced
-I D = I R R R R R R R RN R R
Nt = 4, Balanced

O Nt =4, Unbalanced

.I D_E T T T 1 1 1

0 5 10 15 20 25 30 35 40
EumD

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation With Partial Channel State Information:
Optimal Detector and Performance Analysis Over Fading Channels”, IEEE Trans. Commun., Vol. 58, No.
11, pp. 3196-3210, Nov. 2010. 155
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4x1 MIMO, Correlated (exponential) Nakagami-m Fading

veeee. > P-CSI

ABEP

-> F-CSI

% d_=091, Balanced R
0 : : : |
- d_=091, Unbalanced| ; ; ; ~H
-||]'5_ 0 e e e e e e
dn =022, Balanced
I O IZID =022, Unbalanced : : : :
m-ﬂ I I I | | | |
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Eumﬂ

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation With Partial Channel State Information:

Optimal Detector and Performance Analysis Over Fading Channels”, IEEE Trans. Commun., Vol. 58, No.
11, pp. 3196-3210, Nov. 2010. 156
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SSK with Mismatched Decoder

Received S SSK s Estimated
Signal MIL.-Detector Antenna Index
Td=a+g
N
> ML . E ~ N O,—O
Channel Estimator Ep N )

M= argmin {[A)mq(mt)}

m, fort=1,2,...,N,
e 2\\
< || 77
= argmin 4§ ) s

u,i . l( _gt r > .
m, fort=1,2,..,N; | r=1 A / NO NO

\ \ .

M. Di Renzo, D. De Leonardis, F. Graziosi, and H. Haas, “Space Shift Keying (SSK-) MIMO with Practical
Channel Estimates”, IEEE Trans. Commun., Vol. 60, No. 4, pp. 998-1112, Apr. 2012. 157
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ABEP
__ Al 1 1 [7°° |[Im {T(v]f\fﬁ:hq (&(v))}
ABEP < M]m X ;; [‘\H (t,q) ( - —/D [ > ] d.v)]
Nr
M " (S) =E {exp(—Syt,q )} Vig =

Methodology for computation:
1.  Union bound: the ABEP can be obtained from the APEP

APEP(m_ — mt):E{Pr{Iﬁmq (m)<D,, (mq)}} :Pr{lﬁmq (m)-D, (mq)<()}

2.  The (difference) decision variable is a quadratic-form in complex Gaussian RVs
(when conditioning upon fading channel statistics)

3.  The PEP is obtained by using the Gil-Pelaez inversion theorem

M. Di Renzo, D. De Leonardis, F. Graziosi, and H. Haas, “Space Shift Keying (SSK-) MIMO with Practical
Channel Estimates”, IEEE Trans. Commun., Vol. 60, No. 4, pp. 998-1112, Apr. 2012. 158
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Time-Orthogonal Signal Design assisted SSK (TOSD-SSK)

J

J

v
O no mod.
S w;(.)
pace
Shift Keying 1
A ® w,(.)
AI-2=0

¢ If w,(t) = w,(t) = Diversity = N_ (conventional SSK)
¢ If w,(t) is “time-orthogonal’ to w,(t) = Diversity = 2N_(TOSD-SSK)

€ This is true for any N, with no bandwidth expansion and with a single active

transmit-antenna at any time-instance

M. Di Renzo and H. Haas, “Space Shift Keying (SSK-) MIMO over Correlated Rician Fading Channels:
Performance Analysis and a New Method for Transmit—Diversity”, IEEE Trans. Commun., vol. 59, no. 1, pp. 116-

129, Jan. 2011.
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TOSD-SSK with Mismatched Decoder

Received R TOSD-SSK s Estimated
Signal MIL.-Detector Antenna Index
Td=a+g
N
> ML . E ~ N O, —0
Channel Estimator Ep N )
M= argmin {I§ }
m, fort=1,2,...,N;
(‘&1 ( A % A % — . ) Em ‘l\ﬁﬂ_l ~ 12 )
= argmm TZ‘RG{ t,rEmgt,q_I_at,r\/Emnt,r}__L atr‘ r
m; fort=1,2,..,N; | r 2 r=1

M. Di Renzo, D. De Leonardis, F. Graziosi, and H. Haas, “Space Shift Keying (SSK-) MIMO with Practical
Channel Estimates”, IEEE Trans. Commun., Vol. 60, No. 4, pp. 998-1112, Apr. 2012. 160
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ABEP

) _Im{Tq (V)Y (—v) M (a) )(1)}_ I

Ny N
t t tq“’

i 1 1 [T
< N _ — - = .
ABEP < h:.a Z D (Nu(ta) | 5 - /D - dv

qltl

N,
M o, (8)=E{exp(-s713) (v)] P (v z (V)X e |

=1 r=1

Methodology for computation:
1.  Union bound: the ABEP can be obtained from the APEP

APEP(m, —>m, )= E{Pr{f)mq (m) <D, (m, )}} - Pr{[A)mq (m)-D, (m,)< O}

2.  The (difference) decision variable is the difference of two independent quadratic-
forms in complex Gaussian RVs (when conditioning upon fading channel statistics)

3.  The PEP is obtained by using the Gil-Pelaez inversion theorem

M. Di Renzo, D. De Leonardis, F. Graziosi, and H. Haas, “Space Shift Keying (SSK-) MIMO with Practical
Channel Estimates”, IEEE Trans. Commun., Vol. 60, No. 4, pp. 998-1112, Apr. 2012. 161
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Diversity Analysis (i.i.d. Rayleigh Fading)

SSK

Ny Ny [T _ |
ABEP < =t — / [Im{T ) L H dv
1 21 Jo Voo (1 =20A())""

TOSD-SSK

Ne N [t )Ty (= -
ABEP < 2t _ f/ {Im{TQ ) Ye (=v) ! - H dv
421 Jo v (1= Q0Ag (1) " (1 —QA: (—v))

With channel estimation errors:

1. Diversity order of SSKis: Nr
2. Diversity order of TOSD-SSK is: 2Nr

M. Di Renzo, D. De Leonardis, F. Graziosi, and H. Haas, “Space Shift Keying (SSK-) MIMO with Practical
Channel Estimates”, IEEE Trans. Commun., Vol. 60, No. 4, pp. 998-1112, Apr. 2012. 162
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Numerical Results (SSK)

ABEP

Y .""-I \
20 25 30 35 40
E /N_[dB]

m 0O
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ABEP

Numerical Results (TOSD-SSK)

E_ /N, [dB]
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Single-Antenna MQAM

ABEF

| —— N_ =1 (Monte Cario)

1 _ W N N =2
1{]_4_ - Np_ﬂl[MClntE Garlu} -..-.:..-_'-.--." --.E--..- -IE:LE-H\I-...:-T .......

| < N_=10(Monte Carlo) | ), "*-1* : W

S . )
P-CSI (Monte Carlo) | "\ \; N K

| — — — P—CSI (Union-Bound)| &y X L N
1{]—5 : : : : Lo NAN : S
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E_/N, [dB] oo
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Alamouti MQAM

10 T F---- e
L
L
m
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| % N_=1(Monte Carlo) 3\
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107 ’
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SSK vs. Single-Antenna MQAM (Nr=1 / Nr=2 / Nr=4)

SSK

Rate N, =1 N, =3 N, =10 P — CSI

I bpcu || 229 /253 /16.2 | 21.1 /23.5/ 145 203/ 227/ 13.6 | 199/223/13.2
2 bpcu 26 /26.8/ 17 242 /251 /154 | 23.4/ 243/ 145 23/ 238/ 14
3bpeu | 297284/ 179 |27.3/266/16.2|264/258/153 | 26/254/ 149
4 bpcu | 32/299/ 18.7 303 /281 /17 |295/27.3/7162 | 297269/ 15.7

Single-Antenna QAM

Rate N, =1 N, =3 N, =10 P — CSI

I bpcu || 19.8 /223 /13.1 | 182/20.6/11.5 | 17.2/19.7/10.6 | 16.8/ 19.3 / 10.1
2bpecu || 22772527 16.2 | 21.1 /2357145 | 2037227/ 13.6 | 199/222/13.2
3bpcu || 27.5/299/21.1 | 256/28/19.1 | 249/27.4/18.2 | 24.6/27/ 18.1
4 bpcu | 29.6/32/233 |278/30.1/21.3|27.1/29.6/20.5|268/29.1/20.3

Take Away Message:

* SSK is better than single-antenna MQAM if Rate>2bpcu and Nr>1
* The robustness to channel estimation errors is the same
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TOSD-SSK vs. Alamouti MQAM (Nr=1 / Nr=2)

TOSD-SSK
Rate N, =1 N, =3 N, = 10 P — CSI
1 bpcu 27.2/ 18.2 26/ 16.9 255/ 164 25.3/16.2
2 bpcu 28.7 /719 2757/ 17.8 271 17.3 268 /17
3 bpcu 30.2/19.8 29/ 18.6 28.5/ 18.2 28.4/717.8
4 bpcu 31.9 7 20.7 305/ 194 30.1 7/ 18.9 29.9 / 18.7
Alamouti QAM
Rate N, =1 N, =3 N, = 10 P — CSI
1 bpcu 253/ 16.2 2357145 22.8 /1 13.5 22.3/13.2
2 bpcu 28.4/19.3 265/ 175 25.7 1 16.6 254/ 16.3
3 bpcu 3291/ 24 31.4 /222 304/ 21.3 30/ 21
4 bpcu 3527262 3337243 32.6 / 23.5 32.3 /233
Take Away Message:

* TOSD-SSK is better than Alamouti MQAM if Rate>2bpcu

¢ TOSD-SSK is more robust to channel estimation errors
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SM with Imperfect CSIR

O Channel estimation model:

,B a+¢& with p —1/\/1+0

o’ =const and 08:1/(7/N)

\

Nr
O SM with MPSK modulation: ( ], §) = arg min Z Y,

j,s r=1

) 2
—pP ﬂj,rS

N
2 A . r 2
0 SM with MQAM modulation:  ( ],§) =argmin{ Y|y, - B, s 1

E. Basar, U. Aygolu, E. Panayirci, and V. Poor, “Performance of Spatial Modulation in the Presence of
Channel Estimation Errors”, IEEE Commun. Lett., vol. 16, no. 2, pp. 176-179, Feb. 2012. 169
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Fig. 1. BER performance of SM with nt = 4, QPSK and V-BLAST with
nr = 4. BPSK (4 bits/s/Hz) with optimal receivers (fixed o2).

E. Basar, U. Aygolu, E. Panayirci, and V. Poor, “Performance of Spatial Modulation in the Presence of
Channel Estimation Errors”, IEEE Commun. Lett., vol. 16, no. 2, pp. 176-179, Feb. 2012. 170
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Fig. 2. BER performance of SM with n = 4, QPSK and V-BLAST with
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Imperfect Channel State Information at the Receiver (23/23)
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Multiple Access Interference (1/22)

The working principle of SM/SSK is based on the following facts:

1. The wireless environment naturally modulates the transmitted signal

2. Each transmit-receive wireless link has a different channel

3.  The receiver employs the a priori channel knowledge to detect the transmitted
signal

4.  Thus, part of the information is conveyed by the Channel Impulse Response

(CIR), i.e., the channel/spatial signature

Can the randomness of the fading channel be used for
Multiple-Access too rather than just for Modulation?

174



Multiple Access Interference (2/22)

Signal Model
2 (¢ w ehe (rer) —|—Z [1/ By hlFm) ]—Hz.('r) (1)
N —’
probe link 1‘#5 B AWGN
int.er-fgrence

Single-User Detector

e PR : {yﬁ) _ r (yE'J .
Tg = argmin {Dg = argmin Z 2Nty - \/E ehe w(t) fh‘.
y;-:l,Z,...,Nt Ye—= 12 t r— ]-T
Multi-User Detector ,
X= argmin {D(Y)} = argmin Z / ) \/ E hVem) )] dt
y=[v1.¥2:---ynN,, | y=Iv1.v2, ymu

for y4=1.2,...,N; for yu =1, E r= ]-T IL:]_

M. Di Renzo and H. Haas, “Bit Error Probability of Space Shift Keying MIMO over Multiple-Access
Independent Fading Channels”, IEEE Trans. Veh. Technol., Vol. 60, No. 8, pp. 3694- 3711, Oct. 2011. 175



Multiple Access Interference (3/22)

SSK with Single-User Detector (i.i.d. Rayleigh)

1

ABEP, <t
2|2

g

SINR

2+ SINR

)

N

r

N

-

r=1

9

ﬁ<

N —1+r
r

|

1

2

SINR

g

2+ SINR

J

r

SINR =SNR, /(1+INR,, )

NU
uzé=1

SNR, =(E.07)/N, and INR, =Y

(Baed)/N,]

d E, =0 (no interference): framework reduces to single-user case

O SNR, >>1and INR,, <<1 (noise limited):

2N -1
N

r

ABEP, — 2(Nr“)( j N, SNR "
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Independent Fading Channels”, IEEE Trans. Veh. Technol., Vol. 60, No. 8, pp. 3694- 3711, Oct. 2011. 176



Multiple Access Interference (4/22)

SSK with Single-User Detector (i.i.d. Rayleigh)

O INR,, >>1and SIR = SNR, /INR,, >> 1 (interference limited):

U U

—(N,+1)
ABEP, -2 ( v

2Nr_1thSIR withSIR = E,07 /> (

d N,.>>1:

ABEP, —(N,/2)Q({/N,SINR |

{SINR:SNRSE/(HINR\QZ)
kSNR%Z:(E%EG%z)/NO and INR =3 "
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Multiple Access Interference (5/22)

SSK vs. MPSK/MQAM (Single-User Detector, i.i.d. Rayleigh)

M = N, (same bpcu)

_ _Nr‘
PSK N, N,
ABER = > NH(SEZX‘f),sEgyf)) 2 sgy‘f)—sgf‘f)z >
ABEP;™  N/log,(N,)coy= S
i Q i

r

3 SSK will never be better than MPSK/MQAM if Q = 2. This occurs if
M=N,=2and M =N, =4.If M = N, > 4 a crossing point exists

Q = 2, the performance gain of SSK exponentially increases with

zZ =

T

M. Di Renzo and H. Haas, “Bit Error Probability of Space Shift Keying MIMO over Multiple-Access
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Multiple Access Interference (6/22)

GSSK with Single-User Detector (i.i.d. Rayleigh)

anp = L SNR. N (x:.¥.)
21+INR,, N

ta

d N, is the number of active antennas
O N7 is the number of different antenna indexes: 2 < N_7 < 2N

O Asymptotic performance:

M. Di Renzo and H. Haas, “Bit Error Probability of Space Shift Keying MIMO over Multiple-Access
Independent Fading Channels”, IEEE Trans. Veh. Technol., Vol. 60, No. 8, pp. 3694- 3711, Oct. 2011. 179



Multiple Access Interference (7/22)

SSK vs. GSSK (Single-User Detector, i.i.d. Rayleigh)

APEP™*(x, >y.) [ an. |
APEPgSSK _)_N;(xé,yé)_

Q Since 2 < N_* < 2N_, GSSK is worse than SSK regardless of the

tad
choice of the spatial-constellation diagram

d The SNR gap is:
0<A, <10log,,(N,)

7 h va

thus, the larger N_, the worse GSSK compared to SS

M. Di Renzo and H. Haas, “Bit Error Probability of Space Shift Keying MIMO over Multiple-Access
Independent Fading Channels”, IEEE Trans. Veh. Technol., Vol. 60, No. 8, pp. 3694- 3711, Oct. 2011. 180



Multiple Access Interference (8/22)

SSK and GSSK with Multi-User Detector (i.i.d. Rayleigh)

Ne r
APEP(X—)y)=|:l(1—\/ AggrSNR H Z{(Nr—l+l’){l[l+\/ AggrSNR ﬂ}
2 2+ AggrSNR = r 2 2+ AggrSNR
Eol(1-6,,)
N,

. 2 N
0O GSSK AggrSNR = Z{E ta(x“’y“)(l—@u,yu)}

O SSK  AggrSNR = Z

2N, N

ta

O Unlike the single-user detector, APEP — 0if N, — 0

M. Di Renzo and H. Haas, “Bit Error Probability of Space Shift Keying MIMO over Multiple-Access
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Multiple Access Interference (9/22)
SSK with Multi-User Detector (i.i.d. Rayleigh) — Asymptotic Analysis

0 AggSNR >> 1

ABEPSZ —> [NtNU log, (Nt)} (2N —lj ZZ[( Xé yg) (xf, yé)AggrSNR—N,J

O Single-user lower bound (N, = 1)

ABEPSU™® — 27+ (2Nr ‘lj N,SNR "

N

[ SNR gap due to multiple-access interference

1-6 N, (X.,y.)E.o:
AqNR — glogm( Aé]er::SI,:LB w —> glogm o) ! . ZZ ( !\.I):é’yf) - ( f yf) %&O-é
N, \ ABEP.™™ ] N, N, log,(N,) x 'y 22 E o (1_5)( y )]
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Multiple Access Interference (10/22)

SSK with Multi-User Detector (i.i.d. Rayleigh) — Asymptotic Analysis

d Strong interference case (E o, 2 << E ¢ 2, for every u)

u’u?

2N -1
N

r

ABEP, — 2" "IN, ( j(EWajv /N,) " = ABEPS""®

O Weak interference case (E_ 6,2 << E o 2 for every u)

u-u)d
SN+ g M (2N —1 2 N,
ABEP, — 2" "N, ( N 'E,op /N, |
A... =(10/N)loe.. (ABEP./ABEP"™ ) =10[(N —1)/N. llog. (N.)
bNRb \ / rj) OIO\ b/ b / |_\ u ]/ I’J o100\ t)
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Multiple Access Interference (11/22)

SSK with Multi-User Detector (i.i.d. Rayleigh) — Asymptotic Analysis

A Generic user

ABEP; < ABEP, < ABEP’

-

2\ Nr
L ANy (2N, =1 Eyo,
ABEP" =2 Nt( N ) .
3 r ’
- =N
N (2N =1 Eoy |
ABEPY =2 ("IN, ( : j .
\ " 7L Yo _

Aswe, =(10/N, )log,,(ABEP; /ABEP; ) =10[ (N, -1)/N, Jlog,, (N,)
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Multiple Access Interference (12/22)

GSSK with Multi-User Detector (i.i.d. Rayleigh) — Asymptotic Analysis

(ABEP" > SULB and ABEPY i weak interference case
ABEP; < ABEP, < ABEP’

~(N, +1) 2N, -1 Euo'uz o L (N, +1) [logz('\l\'l )J N (2N, =1 EUGL? h
v () B < s <o g 280

{0 N N, ' N,
ABEP}*
ytveny () (2Nr —IJ(EUGS ]Nr < ABEPY < oty L) g (2N —1J[EU o, er
N, N, u ta N, N,
\ AB]%{PEU ’
ugs
Asur, =(10/N, )log,,(ABEP," /ABEP;" )

~10log,, (N, )+ (10/N, )loglo[ N“ngz(NN;jJ/NtJ
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Multiple Access Interference (13/22)
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Fig. 1. ABEP of 55K modulation with single-user detection. Setup: Ny = &;
Ny = 2‘,{'."‘1? = 1: and (left) N = 1 and (right) N;- = 3. Markers show Monte
Carlo simulations, and solid lines show the analytical model [i.e., (8) and (9)].
The ABEP of user 1 (probe/intended link) is shown. SULB stands for SULB,

1.€., 1t represents the scenario with no multiple-access interference. 186



Multiple Access Interference (14/22)
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Fig. 2. ABEP of S5K modulation with single-user detection. Setup: N; = &;
r:r‘lq = 1: crf — 102 for i = 2,3,...,Nu; N = 1; and N, = 3. Markers

show Monte Carlo simulations, and solid lines show the analytical model [i.e.,

(8) and (9)]. The ABEP of user 1 (probe/intended link) is shown.
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Multiple Access Interference (15/22)
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Fig. 3. ABEP of (left) SSK and (right) GSSK modulations with single-user
detection. Setup: Ny = 3; Jf =1 Jiz =10"2 for i = 2,3...., Ny and
Ny = 2. Markers show Monte Carlo simulations, and solid lines show the
analytical model (i.e., (8) and (9) for SSK modulation and (13) for GSSK
modulation). The ABEP of user 1 (probe/intended link) is shown.
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Fig. 4. ABEP of (left) PSK and (right) QAM modulations with single-user
detection. Setup: N, = 3; Jf =1; criz =102 for i = 2.3,...,Ny; and
Ny = 2. Markers show Monte Carlo simulations, and solid lines show the

analytical model (i.e., the union bound in the first and second rows of Table I).
The ABEP of user 1 (probe/intended link) is shown.

188



Multiple Access Interference (16/22)
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Fig. 5. ABEP of (blue curves) SSK and (green curves) QAM modulations
with single-user detection. Setup: (left) N, = 1 and (right) N, = 2; r:ri? =1
and a5 = 5 x 10~ 2: and N, = 3. Markers show Monte Carlo simulations,

and solid lines show the analytical model (i.e., (8) and (9) for SS5K modulation
and the union bound in the second row of Table I). The ABEP of user 1

(probe/intended link) is shown. 189



Multiple Access Interference (17/22)
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Fig. 7. ABEP of, on the left, (blue curves) SSK and (green curves) QAM, and,
on the right, (red curves) PSK and (magenta curves) GSSK modulations with
single-user detection. Setup: Ny, = 2; c:ri? = 1 and J% — 10~2: and N, = 3.
For GSSK modulation, we have (N¢, Nta) = (5,2) if N = 8; (N¢, Nia) =
(B,4)if N = 64; (N, Nio) = (11,4) if N = 256; and ( Ny, Nio) = (12, 5)

if N = 1024. For SSK and GSSK modulations, markers show Monte Carlo 190
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Fig. 10.  ABEP of SSK modulation with multiuser detection. Setup: Ny = §;
Ny, =3; ﬂ'% = 0.1, J% =1, ﬂr% = 10; and N, = 3. Markers show Monte
Carlo simulations, and solid lines show the analytical model [i.e., (16) and
(18)]. Furthermore, dashed lines show the estimated lower bound [i.e., ABEP&
in (22)], which corresponds to the SULB when no multiple-access interference
is present; and dotted lines show the estimated upper bound [i.e., ABEPY in
(22)]. The ABEP of all the users is shown. M
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Fig. 11. ABEP of SSK modulation with multiuser detection. Setup: Ny = 8;
r:r'1 = land a:rf" = 10"2fori =2,3,...,N,: N, = 1:and N,. = 3. Markers
show Monte Carlo simulations, and solid lines show the analytical model [i.e.,
(16) and (18)]. Furthermore, dotted lines show the estimated upper bound [i.e.,
ABEPE in (22)]. The ABEP of user 1 (probe/intended link) is shown. It is
worth mentioning that some simulation results (markers) are not shown due to
the long simulation time for medium/high values of E,,, /Np. 192
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Fig. 16. ABEP of SSK (blue and green lines for N =1 and N, = 3,
respectively) and QAM (red and magenta lines for N,. = 1 and N, = 3, re-
spectively) modulations with multiuser detection. Setup: Ny, = 2; r:r"l""r = 1:;and
Er% — 5 x 10— 2. Markers show Monte Carlo simulations, and solid lines show
the analytical model (i.e., (16) and (18) for SSK modulation and the formula in
the first row of Table II for QAM). The ABEP of user | (probe/intended link)
is shown. 193
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tions with multiuser detection. Setup: Ny = 2; gl =1 and r.r — 10~2
and Ny = 3. For GS5K modulation, we have {J"‘u; lta) = (5, 2} if N = E

(N, Nia) = (8,4) if N = 64; and (N, Nia) = (11,4) if N = 256,
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Maultiple Access Interference (22/22)

Nr =4, Nr = 3 and spectral efficiency of 4 bits/s/Hz
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Energy Efficiency (1/26)

0 The EARTH power model is a very simple and elegant model that
relates the transmitted power of a BS to the total power consumed

> G. Auer et al.,; “Cellular Energy Evaluation Framework,” IEEE VTC-Spring,
May 2011

% B NrpFo + mMNrrF, 0 < B < Phax
supply — Psleepg P =0.

P .pply 18 the total power supplied to the BS
Ngr is the number of RF chains at the BS
P, is the power consumption per RF chain at the least transmission power

m is the slope of the load-depended power consumption

v V.V V V

nNnNOwer nar antenna
.l.t y s A L ALL IJUVVVJ. IJVL CAVALAALLN AL (e

Y
-

P_.. is the maximum transmit-power per antenna

A. Stavridis, S. Sinanovic, M. Di Renzo, H. Haas, and P. Grant, “An Energy Saving Base Station Employing
Spatial Modulation”, IEEE CAMAD, Sep. 2012, Barcelona, Spain. 197
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POWER MODEL PARAMETERS FOR DIFFERENT BS (SoTA 2010)

ES t}rpE‘ .Il'—b fW] i Pm;:[}; {W} Pﬁl{‘fp EW}
Macro 118.7 2.66 63
Micro 53.0 3.1 -
Pico 6.8 4.0 -
Femto 4.8 1.5 -
Simulation Parameters Values
BS Type Macro, Micro, Pico, Femto : :

Power Model Parameters SOTA 2010 Bﬁ} type dm”h]["ﬂ dmiﬂ{;[}%m}
Carrier Frequency 2 GHz M‘r.mm 10 ]DDD
Path Loss Model 3GPP NLOS [14] p?"“"“ 0 50

[terations (Number of Channels) 100000 E 1co 5 50
Bandwidth 10 MHz cmio : -

Operating Temperature

Outdoor:290 K., Indoor: 293.5 K

A. Stavridis, S. Sinanovic, M. Di Renzo, H. Haas, and P. Grant, “An Energy Saving Base Station Employing

Spatial Modulation”, IEEE CAMAD, Sep. 2012, Barcelona, Spain.
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Urban Macro BS: 4x1 system (SotA 2010) Urban Macro BS: 4x1 system (SotA 2010)
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Urban Micro BS: 4x1 system (SotA 2010) Urban Micro BS: 4x1 system (SotA 2010)
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Indoor Pico BS: 4x1 system (SotA 2010) Indoor Pico BS: 4x1 system (SotA 2010)
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Indoor Femtocell BS: 4x1 system (SotA 2010)

Indoor Femtocell BS: 4x1 system (SotA 2010)
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A. Stavridis, S. Sinanovic, M. Di Renzo, H. Haas, and P. Grant, “An Energy Saving Base Station Employing
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[ The following energy-model is considered:

> S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-efficiency of MIMO and
cooperative MIMO techniques in sensor networks”, IEEE JSAC, vol. 22, no. 6,

pp. 1089—1098, Aug. 2004
0
(4md)

1) Gt G-r )\2

A[ g Nf I P crrcult

Ei =EFE
tot = ELp X R,

> E, is the bit energy R, is the bit rate

> dis the transmission distance M, is the link margin
> G, and G, are transmit and receive antenna gains

> N; is the noise figure A is the wavelength
> 1 1is the drain efficiency of the power amplifier

> £ is the peak-to-average-power-ratio (PAPR)

> Plicuic = Poac T Prixer T Phitters T Phreqsynt

K. Ntontin, M. Di Renzo, A. Perez-Neira, and C. Verikoukis, “Towards the Performance and Energy

Efficiency Comparison of Spatial Modulation with Conventional Single-Antenna Transmission over
Generalized Fading Channels”, IEEE CAMAD, Sep. 2012, Barcelona, Spain. 204
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[ The following energy-model is considered:

> E, is the bit energy R, is the bit rate
» dis the transmission distance M, is the link margin
> G, and G, are transmit and receive antenna gains
» N is the noise figure A is the wavelength
> 1 1is the drain efficiency of the power amplifier
> £ is the peak-to-average-power-ratio (PAPR)
»  Piicuic = Poac T Puixer T Phicers T Pireqsynt
7. — 2.5 GHz n — 0.35
d= 750 m Symbol Rate = 15 ksymbols/sec
GG, =5 dBi No = —174 dBm/Hz
Priz = 30.3 mW M; =40 dB
Target ABEP = 10~° Ny =10 dB
Priig = 2.5 mW Psyn = 50 mW

K. Ntontin, M. Di Renzo, A. Perez-Neira, and C. Verikoukis, “Towards the Performance and Energy

Efficiency Comparison of Spatial Modulation with Conventional Single-Antenna Transmission over
Generalized Fading Channels”, IEEE CAMAD, Sep. 2012, Barcelona, Spain.
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SM vs. Single-RF QAM — 4 bpcu

100

o
2

N =2, 8-QAM, N =2
N =4, QPSK, N =2
$=N,=2, 8-QAM, N =3|
©-N,=4, QPSK, N =3

)]
=]

Relative EE Gain (%)

20

Fig. 2.

factor.,

K. Ntontin, M. Di Renzo, A. Perez-Neira, and C. Verikoukis, “Towards the Performance and Energy
Efficiency Comparison of Spatial Modulation with Conventional Single-Antenna Transmission over

0.1

SM and single antenna/MRC comparison in Rayleigh channels in
terms of: a) ABEP vs. Es/Ngp and b) Relative energy gain vs. correlation

Generalized Fading Channels”, IEEE CAMAD, Sep. 2012, Barcelona, Spain.
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SM vs. Single-RF QAM — 4 bpcu

) &MN=2, 8-QAM, N =2
i =4, QPSK, N =2
—400- 'P'Nt=2‘ 8-0QAM, Nr=3

9N =4, QPSK, N =3

Relative EE Gain (%)

|
L
=
=

! H
! !

_ i i
E"::IIEIIIZI- 0.1 0.2

Fig. 3. SM and single antenna/MRC comparison in Nakagami-m channels
with m = 2 in terms of: a) ABEP vs. E's/Np and b) Relative energy gain
vs. correlation factor.

K. Ntontin, M. Di Renzo, A. Perez-Neira, and C. Verikoukis, “Towards the Performance and Energy
Efficiency Comparison of Spatial Modulation with Conventional Single-Antenna Transmission over
Generalized Fading Channels”, IEEE CAMAD, Sep. 2012, Barcelona, Spain. 207
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SM vs. Single-RF QAM — 4 bpcu

b)
100
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Fig. 4. SM and single antenna/MRC comparison in Nakagami-m channels
with m = 0.7 in terms of: a) ABEP vs. Es /Ng and b) Relative energy gain
vs. correlation factor.

K. Ntontin, M. Di Renzo, A. Perez-Neira, and C. Verikoukis, “Towards the Performance and Energy
Efficiency Comparison of Spatial Modulation with Conventional Single-Antenna Transmission over
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SM vs. Single-RF QAM — 4 bpcu

b
100 )
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r

Fig. 5. SM and single antenna/MRC comparison in Weibull channels with
b = 3 in terms of: a) ABEP vs. Es/Np and b) Relative energy gain vs.
correlation factor.

K. Ntontin, M. Di Renzo, A. Perez-Neira, and C. Verikoukis, “Towards the Performance and Energy
Efficiency Comparison of Spatial Modulation with Conventional Single-Antenna Transmission over
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SM vs. Single-RF QAM — 4 bpcu
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Fig. 6. SM and single antenna/MRC comparison in Weibull channels with
b = 1.5 in terms of: a) ABEP vs. Es/Ng and b) Relative energy gain vs.
correlation factor.
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O Energy efficiency is achieved by non-equiprobable signaling where
less power-consuming modulation symbols are used more frequently
to transmit a given amount of information

0 The energy efficient modulation design is formulated as a convex
optimization problem, where minimum achievable average symbol
power consumption is derived with rate, performance, and hardware
constraints

O

0 Energy-Efficient Hamming Code-Aided (EE-HSSK) modulation

R. Y. Chang, S.-J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keying
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 211



Energy Efficiency (16/26)

From GSSK ...

EXAMPLE OF GSSK (n; = 2) MODULATION ALPHABET AND BIT
MAPPING FOR 3 B1Ts/5/HZ TRANSMISSIONIN A SYSTEM WITH N = 5

Source bits | GSSK symbols & A(GSSK)
000 [0,0,0,1, 1]
001 0,0,1,0,1]*
010 [0,1,0,0,1]"
011 [1,0,0,0,1]7
100 [0,0,1,1,0/
101 [0,1,0,1,0]
110 [1,0,0,1,0]"
111 [0,1,1,0,0]"

1 Limitations of GSSK:

> Transmission rate
of the

> Selection ) ] 1stellation diagram

> System performance (d

R. Y. Chang, S.-J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keying
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 212
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... to (EE)-HSSK

EXAMPLE OF HSSK MODULATION ALPHABET AND BIT MAPPING FOR 4
BITS/S/THZ TRANSMISSIONIN A SYSTEMWITH N =5

Source bits | HSSK symbols © _4H55K)
0000 0,0,0,0,1]" O In HSSK:
0001 0,0,0,1, D]T
0010 0.0. 1.0, D]T > The set of antenna
0011 [0,1,0,0,0]7 indices is fully utilized

T
gig? [é' g ?? ?{T > It employs a different
0111 1.0.0,1, 1|7 modulation symbol
1000 0.1,1,0,1]7 based on the Hamming
1001 1,0,1,0,1]" code (in general, binary
1010 1,1,0,0,1]° linear  block  code)
1011 0,1,1,1,0] : :
100 IO L0 construction technique
1101 1,1,0,1,07 » Increased number of RF
1110 1,1,1,0,0/7 chains
1111 l.l.l,l._l]T

R. Y. Chang, S.-J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keying
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 213
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Problem Formulation

[ The objective of EE-HSSK modulation is to design an alphabet and
the symbol a priori probabilities so that minimum average symbol
power per transmission is achieved, while the target transmission rate
(spectral-efficiency constraint), the minimum Hamming distance
property (performance constraint), and the maximum required
number of RF chains (hardware constraint) are met

Given a code C = {C.} with the specified minimum distance property
Given that each element in C, requires i RF chains at the transmitter
Given that each element in C, consumes power equal to i

Given that the maximum number of RF chains is restricted toi < M
Then...

U 0000

R. Y. Chang, S.-J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keying
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 214
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Problem Formulation

d ... the design problem is mathematically formulated as:

. . Th riori probabiliti
11}}_“ Ziﬂiﬂ e a priori proba es

; e e of all symbols in the

i<M / alphabet sum to one, and
st Z C;|P =1 P.=0ifi>M

i:C;CC
i< M

Z Cilr(P;) > m (9) The target information
o \ rate of m bits is met, as
=M described by Shannon’s

where F; is the a priori probability of each symbol in C;, i.e., entropy formula
P, = P(x),x € C;. and

':'{Pi) = 0, if P, =0. (10)
— 00, otherwise

R. Y. Chang, S.-J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keying
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 215
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Optimal Solution

[ The optimization problem has a linear objective function subject to
an affine equality and convex inequality constraints. Therefore, it is
convex with a globally optimal solution, which can be found using
the Lagrange multiplier method

d The optimal a priori transmission probabilities P, associated to the
Lagrange multipliers A, and A, can be computed as follows:

| | L1
-i|Ci|—|—/\'f|Ci|—|—)\§|C?-|(10g2P;—|—1 2):0. (14)
og

Arranging the terms yields P = af', where a =
1/5]7’ X /A3 and B =271/ Nmnhi]lzmﬁ P?’s according
to the equality constraint of Problem (9), we Dh[d]ﬂ
Si
P’ = ' 0<pg<1. (15)
E C;CCi<M |C |’3

R. Y. Chang, S.-]J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keym
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 21
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Optimal Solution

O The value of 3 determines the optimal a priori probabilities for the alphabet:

> If B =1, all codewords in C are included in the alphabet equiprobably to
achieve the highest information rate. The cost is to have the largest
average symbol power consumption

> If B =07, only the least power-consuming codewords in C are included
in the alphabet equiprobably

[ The solution provides the optimal symbol a priori probabilities. However, no
information is given for accomplishing the bit mapping. Variable-length
coding is proposed for creating an efficient bit-string representation of
symbols with unequal a priori probabilities: Huffman coding

» The length of the bit strings is roughly reversely proportional to the
symbol power. Since longer bit strings appear less frequently in a
random input sequence, symbols more power-consuming are used less
frequently to achieve energy efficiency

R. Y. Chang, S.-J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keying
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 217
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Implementation
Input bit \E Output bit
sequence . R . sequence
Huffman EE-HSSK| ° . "« * |EE-HSSK| | Huffman
decoder 1 mod. j'i demod. encoder
Huffman code table [ - ————
(EE-HSSK mapping table) Source bits | EE-HSSK symbols © AFEHSSK]
i 00 0,0,0,0,1]T
01 0,0,0,1,0]
Symbol probabilities 100 0.0.1.0 D]f'
optimization T
101 [0,1,0,0,0]
110 [1,0,0,0,00"
111000 0,0,1,1,1]T
111001 0,1,0,1,1]T
EXAMPLE OF EE-HSSK (M = 3) MODULATION ALPHABET AND BIT 111010 :1 0.0.1 l]f'
MAPPING FOR APPR“;‘::F:?;EL;ETEInT,.rstiHr-z TRANSMISSION IN A 111011 :0? 1.1, D, 1] T
S ar e 111100 1,0,1,0, 17
111101 [1,1,0,0,1]%
1111100 0,1,1,1,01"
1111101 [1,0,1,1,0]T
1111110 1,1,0,1,0[T
1111111 [1,1,1,0,01"

R. Y. Chang, S.-J. Lin, and W.-H. Chung, "Energy Efficient Transmission over Space Shift Keying
Modulated MIMO Channels", IEEE Trans. Commun., vol. 60, no. 10, pp. 2950-2959, Oct. 2012. 218
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Average symbol Power PerTransmission

e (GSSK

el HSSK (d . =2

sy EE-HSSK (d_. =2, M=3)

e EE-HSSK (d . =2, M=N

..... Theo. opt. {I:Imin:E, M=3)
Then opt (d_ =2, M=N_)

g HSSK (d. =3

—— EE-HSSK (d_. =3, M=N.)

....... Theo. opt. {dminzﬁ, M:N_rj

et HSSK (d_ =4

1)

Transmission Rate (bits/s/Hz)

N, =7
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Average Symbol Power Per Transmission

m—— G5SK

—— HSSK {dmian}

by EE-HSSK (d_. =2, M=3)

e EE-HSSK (d__ =2, M=N

..... Theo. opt. (d . =2, M=3)
Theo. opt. {dmin=2, M:NT]

g HSSK (d__ =3)

g EE-HSSK (d_ =3, M=N_)

SERRER ThEﬂ- Clpt- {q_nin:E, M:I‘-IT]I

—ap— HSSK (d__ =4)

—s— EE-HSSK (d__ =4, M=N_)

v e Theo. ﬂpt- {q_l_”n:r"-l, M:l‘-l.l.]l
HSSK (d_ =5

min— ]I

min

1)

3 4 o 6 7 8 9
Transmission Rate (bits/s/Hz)

N, =10
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Transmit-Diversity for SM (1/61)

The Alamouti Scheme

Orthogonal
:> Space-Time-Block
Coding

non-MIMO |

ASEP

1 L2
gz — & *
—Ly Ly

0 é :I Eli EIB 16 1I2 1I4 1I6 1I8 20
SNR [dB]

S. M. Alamouti, “A simple transmit diversity technique for wireless communications”, IEEE J. Sel. Areas
Commun., vol. 16, no. 8, pp. 1451-1458, Oct. 1998. 224
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Orthogonal Space-Time Block Codes (OSTBCs)

Information Receiver
Source
[ w1 @ % )
Me=1 ws af (cw—al+ar—ap)
vZoov2 X ' ' T3 T3
xy ay (w2 tad+ay —al) [ @ @ NG NG
\ \/E \/i 2 ) . . €3 £3
e V2 V2
M= ay ap (wi-aftar-wp)  (Cwe—abtar—af)
V2 V2 2 2
xy xy (F2tait+a — ) (w1 + 2] + 32 —2})
\ NEERYZ 2 a 2

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space—time block coding for wireless communications:
Performance results”, IEEE ]J. Sel. Areas Commun., vol. 17, no. 3, pp. 451-460, Mar. 1999. 225
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Opportunities and Challenges for SM

\
Alamouti \V4
STBC ST
\Y4
\
Alamouti N/
STBC ST

0 Opportunity: Transmit-diversity with rate greater than one

O Challenge: Transmit-diversity with rate greater than one and single-stream
decoding complexity

226
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v A

h, (t) =B, exp(jp,)o(t-7,)
TX j@()?l RX JS“( m, §1)=Fﬁlexp (ie)s (t{m. ) )
X, | )

VE.Boexp(i0,)s, (t{m,}_ )
{r(tlm)
r(tjm,)

[m if DD, b, :RG{J r(t)s (t)dt}—%ﬁ(t)_{k (t)dt

SSK

S, (t|m,)+5, (tfm, ) +n(t) =5 (t)+n(t)
5, (t|m,)+8,(t|m,)+n(t)=5,(t)+n(t)

m

|m, if D, <D, 11
D, =Re{j r(t)s; (t)dt}——j@(t)g“ (t)dt

T

m

M. Di Renzo and H. Haas, “Performance comparison of different spatial modulation schemes in correlated
fading channels”, IEEE Int. Conf. Commun., pp. 1-6, May 2010. 227
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Q Transmitted Signal:
Q If m, needs to be transmitted: TX, is active and TX, radiates no power

Q If m, needs to be transmitted: TX, and TX, are both active

{sl (tjm,)=s,(t|m,)=s,(t|m,) =1

s, (t|m,)=0

0 Received Signal:
r(tm;) =E, 4 exp(g)+n(t)
r(t|m,)=E, B exp(jo, ) +E, B exp( o, ) +n(t)

Q Etror Probability:
1 1| o(E,/4N,)

BEP:Q('E'“ /32\ =  ABEP=——— ;
N, 2" 2\T+ 02 (E,/aN,)

Y. Chau and S.-H. Yu, “Space Modulation on Wireless Fading Channels”, IEEE Veh. Technol. Conf. — Fall,
vol. 3, pp. 1668-1671, Oct. 2001. 228
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| —<¢—p=0.50
| —=—p=075

p = 0.99 , . . . .
1 O' T T 1 1 L I I

0 5 10 15 20 25 30 35 40
E_/N, [dB]

M. Di Renzo and H. Haas, “Performance comparison of different spatial modulation schemes in correlated
fading channels”, IEEE Int. Conf. Commun., pp. 1-6, May 2010. 229
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Q Transmitted Signal:
Q If m, needs to be transmitted: TX, is active and TX, radiates no power

Q If m, needs to be transmitted: TX, radiates no power and TX, is active

{s1<t|m1>=s2<t|mz>=1

s, (t|m,)=s,(t/m)=0
0 Received Signal:
r(tm;) =E, 4 exp(m)+n(t)
(m,) =B e 6:) (1)

Q Etror Probability:

-

ABEle—lA/ 52(,':7”‘/4,N°)\
2 2\1+5°(E,/4N,)

2

N

(e . . . )
BEP:QL\/N |/jzeXp(J¢2)_/j1eXp(J¢1)|J =

—2 2 2
0" =0, +0, —2p0,0,

J. Jeganathan, A. Ghrayeb, and L. Szczecinski, “Space Shift Keying Modulation for MIMO Channels”, IEEE
Transactions on Wireless Communications, vol. 8, no. 7, pp. 3692-3703, July 2009. 230
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| —=5—p=075

5 p=0.99 t i i i i
0 5 10 15 20 25 30 35 40
E_/N, [dB]

M. Di Renzo and H. Haas, “Performance comparison of different spatial modulation schemes in correlated
fading channels”, IEEE Int. Conf. Commun., pp. 1-6, May 2010. 231
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Q Transmitted Signal (TOSD-SSK):

Q If m, needs to be transmitted: TX, is active and TX, radiates no power

Q If m, needs to be transmitted: TX, radiates no power and TX, is active
s, (tm) =w (1) -
s, (t/m, ) =w, (t) and [ w(t-7)w, (t—z,)dt=0

s (tm,)=s,(t{m)=0 N

N\

O Received Signal:
r(t|ml) = \/E_mﬁl exp( jo )w, (t)+n(t)
r(tjm, )= JE. B exp(jo, )w, (t)+n

ABEP:lj”/zlvl E“?/?NO do
T 90 2sin” ()

M (S) = [1+2(0'12 +0'22)S+4(1—p2)0'120'2252]_1232
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w;(.)

\
0 no mod.
Space
Shift Keying .
®
Al-2=( T

Q If w,(t) = w,(t) 2 Diversity = 1 (conventional SSK)

wy(.)

C L

O If w,(t) is “time-orthogonal’ to w,(t) = Diversity = 2 (TOSD-SSK)

M. Di Renzo and H. Haas, “Performance comparison of different spatial modulation schemes in correlated

fading channels”, IEEE Int. Conf. Commun., pp. 1-6, May 2010.
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—%—p=0.00 |

0 5 10 15 20 25 30 35 40
E_/N, [dB]

M. Di Renzo and H. Haas, “Performance comparison of different spatial modulation schemes in correlated
fading channels”, IEEE Int. Conf. Commun., pp. 1-6, May 2010. 234
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10° ¢ [ . . ] 1 l [
5 | | | i —%— SMin [1] [p = 0.00]
—&— SMin [1] [p = 0.75]
1 S | | SM in [3]-[5] [ p = 0.00]]
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Generalization to Rician Fading, N, > 2, and N_> 1

O no mod.
S w;(.) v
pace
Shift Keying 1
® wy(.)
Al-2=0 T

O If wy(t) = wy(t) = Diversity = N (conventional SSK)
QO If wy(t) is “time-orthogonal’ to wi(t) = Diversity = 2N_ (TOSD-SSK)

Q This is true for any N, with no bandwidth expansion and with a single active
transmit-antenna at any time-instance

M. Di Renzo and H. Haas, “Space Shift Keying (SSK-) MIMO over Correlated Rician Fading Channels:
Performance Analysis and a New Method for Transmit—Diversity”, IEEE Trans. Commun., vol. 59, no. 1,
pp- 116-129, Jan. 2011. 236
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Orthogonal Waveforms Design with Bandwidth Constraint
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Channel Estimates”, IEEE Trans. Commun., Vol. 60, No. 4, pp. 998-1112, Apr. 2012.

J. A. Ney da Silva and M. L. R. de Campos, “Spectrally efficient UWB pulse shaping with application in
orthogonal PSM,” IEEE Trans. Commun., vol. 55, no. 2, pp. 313-322, Feb. 2007. 237



Transmit-Diversity for SM (15/61)

oF - ----- N s Fractional Power Containment Bandwidth (B/(27) kHz)
Y o . X Rectangular | Half-Sine | Raised-Cosine | wy (-)
VM A A 99 7.61 1.18 1.41 4.97
e LA LI A - :
| I ' 1 v ,II 'I, \Y ! VA 09.995% =30 6.98 3.29 6.46
[T S P A ‘ A ;;...__?' . 99.9999% =30 22.14 6.64 7.31
= T ( l 99.99999% >30 29.96 10.57 7.76
% S ‘ ' \ TN ‘I' | Bounded Power Spectral Density Bandwidth (B/(27) kHz)
g THap Rectangular | Half-Sine | Raised-Cosine | w; (-)
DT} ) SRUPUUIS U PP P P PP PV PP IR N4 3dB 9.59 2.28 1.85 6.35
Rectangular 5dB =30 8.18 4.62 7.40
:z:;jﬂgusme 6dB =30 15.13 6.64 7.85
W) | 7dB =30 28.03 9.65 8.27
15 : . ; | . T S 10dB =30 =30 =30 9.39
~2000 0 2000 4000 6000 8000 10000 12000
w/(21) [Hz]
B 2
FPCByx, = min 4 B|-doZ@lde  «
%7 Bef0too) | Jo - 1P(w) P
BPSDBri,; = | min {B\ logy, (\p (w”z) < logyg (\P (wpeak) }2) — THgg, Yo > B }

M. Di Renzo, D. De Leonardis, F. Graziosi, and H. Haas, “Space Shift Keying (SSK-) MIMO with Practical
Channel Estimates”, IEEE Trans. Commun., Vol. 60, No. 4, pp. 998-1112, Apr. 2012. 238



Transmit-Diversity for SM (16/61)

10° ! ! ! :

: - - - * Hg=0
[ 5 5 ; o HKg=3
[~ ¥ : : : )

‘IU E._----.ﬂ-"':.z‘;: .............. I. .............. : ........... . H:H=1ﬂ
[ g : o : | Solid lines: p = 0,00

* . | Dashed lines: p =025
10 ------e--- '..:.-}.I.._:.--.-.-- B E-.- Dotted lines: p =0.75

ABEP

E /M, [dE]

Fig. 5. TOSD-55K modulation: ABEP against E'yn /Np. Solid, dashed, and
dotted lines denote the analytical model in Section IV and markers Monte
Carlo simulations. Setup: 1) N; = 2, 1) N, = 2, 1) £2;; = 10dE and
J';'j,-;_'“ —Kpfori=1,2,....Nyand [ =1,2,...., N, and iv) p = 0.00
(solid lhines), p = 0.25 (dashed lines), p = 0.75 (dotted lines).

239



Transmit-Diversity for SM (17/61)
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Fig. 12. Comparson between SSK and TOSD-55K modulation: ABEP
against E, /Ny, Markers with solid lines denote the analytical model in
Section I and markers with dotted lines the analytical model in Section IV.
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4 In summary:

> TOSD-SSK achieves transmit-diversity with just 1 active antenna at the
transmitter

> However, TOSD-SSK achieves transmit-diversity only equal to 2 = Full
transmit-diversity is possible only if N =2

> Furthermore, the data rate of SSK is only Rate=log,(N,) = This is too
low for high data rate applications

d Questions:

» Can we achieve a transmit-diversity gain greater than 2?7

> At the same time, can we increase the rate?

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation: On the Transmit-
Diversity /Multiplexing Trade-Off”, IEEE Int. Commun. Conf., June 2011. 244
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Increasing the Rate via GSSK

@ O Size of the spatial-constellation diagram
(NH>Nt)
2 log, N
’I/@\“ NH — 2{ (NajJ
N,
\ @ ! H Rate = log,(Ny) > log,(N)
\\ /I
N /
1 Spatial-constellation diagram:
> N_=1 (i.e., SSK) = D={1; 2; 3; 4; 5}
> N,=2 2> D={(1,2); (1,3); (1,4); (1,5); (2,3); (2,4); ...}
() > N,=3 > D={(1,2,3); (1,2:4); (1,2,5); (1,3,4); ...}
Nt

J. Jeganathan, A. Ghrayeb, and L. Szczecinski, “Generalized space shift keying modulation for MIMO
channels”, IEEE PIMRC, pp. 1-5, Sep. 2008. 245
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O Problem statement
> Let N, be the transmit-antennas and N, be the active transmit-antennas

> Then, the largest possible size of the spatial-constellation diagram is:
N
[logz N J
Al

0 Objectives

> Find the actual spatial constellation diagram of size NhSNH such that
transmit-diversity is Div

> Understand the role played by the TOSD principle for transmit-diversity

O Methodology

> We have computed the PEP (Pairwise Error Probability) of any pair of
points in the spatial-constellation diagram and have analyzed the
transmit-diversity order of each of them

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation: On the Transmit-
Diversity /Multiplexing Trade-Off”, IEEE Int. Commun. Conf., June 2011. 246
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Main Result: Transmit-Diversity 1 and 2

Qd Result 1 (Div=1)

> The system achieves transmit-diversity Div=1 and rate R=log,(N) if the
N, transmit-antennas have the same shaping filter

> This scheme is called GSSK and reduces to SSKif N_=1

0 Result 2 (Div=2)

> The system achieves transmit-diversity Div=2 and rate R=log,(INy) if
the N, transmit-antennas have orthogonal shaping filters

> This scheme is called TOSD-GSSK and reduces to TOSD-SSK if N_ =1

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation: On the Transmit-
Diversity /Multiplexing Trade-Off”, IEEE Int. Commun. Conf., June 2011. 247



Transmit-Diversity for SM (25/61)

Main Result: Transmit-Diversity > 2

0 Result 3 (Div>2)

> Let Nt be the size of the partition of the set of N, transmit-antennas
such that N =Ny*N, = each subset of the partition has N, distinct
antenna-elements and the subsets are pairwise disjoint

> Then, the system achieves transmit-diversity Div=2-N, and rate
R=log,(Ny71) if the N, transmit-antennas have orthogonal shaping filters

> This scheme is called TOSD-GSSK with mapping by pairwise disjoint
set partitioning (TOSD-GSSK-SP)

tradeoff
(N } < Div=2N,

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation: On the Transmit-
Diversity /Multiplexing Trade-Off”, IEEE Int. Commun. Conf., June 2011. 248
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N.=4, N =2, R=1, Div=4

0
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no mod.
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no mod.
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ws(.)
no mod.

w,(.)

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation:

Diversity/Multiplexing Trade-Off”’, IEEE Int. Commun. Conf., June 2011.

\Y4

On the Transmit-
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d Five schemes are studied:
> SSK: N =1, w,(.)=w:(.), Div=1

» GSSK: N_>1, w,(.)=w,(.), Div=1
» TOSD-SSK: N_=1, N, orthogonal w,(.), Div=2
» TOSD-GSSK: N_>1, N, orthogonal w,(.), Div=2

» TOSD-GSSK-SP: N_>1, N, orthogonal w,(.), the spatial-
constellation diagram is a partition of N, Div=2-N_

M. Di Renzo and H. Haas, “Space Shift Keying (SSK) Modulation: On the Transmit-
Diversity /Multiplexing Trade-Off”, IEEE Int. Commun. Conf., June 2011. 250
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Q From SSK to SM
» Understanding the design challenges of transmit-diversity for SM
> Generalizing the TOSD approach to SM (TOSD-SM)

> Interested in transmit-diversity equal to 2 (extension of Alamouti code)

L Challenges (...let us start, e.g., from Alamouti...)

\Y4

-S2

Alamouti \V4
STBC ST

\Y4

Alamouti v
STBC ST

M. Di Renzo and H. Haas, “Transmit-Diversity for Spatial Modulation (SM): Towards the Design of High-
Rate Spatially-Modulated Space-Time Block Codes”, IEEE Int. Commun. Conf., June 2011. 257
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d Problem statement

> Let N, be the transmit-antennas and N, be the active transmit-antennas

> Then, the largest possible size of the spatial-constellation diagram is:

it

> Obijective. Find the actual spatial constellation diagram of size N, <N
such that:

v Transmit-diversity is 2 for N =2

v Transmit-diversity can be achieved with single-stream decoding complexity

1 Methodology
> We have computed the PEP (Pairwise Error Probability) of any pair of

~~ - P —~ = - —~ A~

(antenna-index, modulated-symbol) and have analyzed transmit-diversity
and single-stream decoding optimality of each of them

M. Di Renzo and H. Haas, “Transmit-Diversity for Spatial Modulation (SM): Towards the Design of High-
Rate Spatially-Modulated Space-Time Block Codes”, IEEE Int. Commun. Conf., June 2011. 258
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Main Result: Same Shaping Filters at Tx

d Result 1 (receiver complexity)

> Whatever the spatial-constellation diagram is, if the shaping filters at the
transmitter are all the same, adding the SSK component on top of the
Alamouti code destroys its inherent orthogonality. So, no single-stream
decoder can be used and the receiver complexity is of the order of
N, ‘MN2 correlations

0 Result 2 (transmit-diversity)

> If the shaping filters at the transmitter are all the same, transmit-
diversity equal to 2 can be guaranteed by partitioning the spatial-
constellation diagram into non-overlapping sets of antennas. Howevet, a
multi-stream receiver is needed at the destination for ML-optimum
decoding

M. Di Renzo and H. Haas, “Transmit-Diversity for Spatial Modulation (SM): Towards the Design of High-
Rate Spatially-Modulated Space-Time Block Codes”, IEEE Int. Commun. Conf., June 2011. 259



Transmit-Diversity for SM (37/61)

Same Shaping Filters at Tx — Example

d From Result 1 and Result 2, it follows that this scheme achieves
transmit-diversity equal to 2 but multi-stream decoding is needed

Y

Alamouti \V4
STBC ST
\Y4
\
Alamouti N/
STBC ST

M. Di Renzo and H. Haas, “Transmit-Diversity for Spatial Modulation (SM): Towards the Design of High-
Rate Spatially-Modulated Space-Time Block Codes”, IEEE Int. Commun. Conf., June 2011. 260
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Main Result: Time-Orthogonal Shaping Filters at Tx

Q Result 3 (receiver complexity)

» ML-optimum low-complexity single-stream decoding can be guaranteed
via an adequate choice of the (precoding) shaping filters at the
transmitter. In particular, some pairs of filters should have zero cross-
correlation function

O Result 4 (transmit-diversity)

> ML-optimum low-complexity single-stteam decoding with transmit-
diversity of 2 can be guaranteed via an adequate choice of both the
precoding shaping filters and the spatial-constellation diagram at the
transmitter. In particular, some pairs of filters must have zero cross-
correlation function, and the spatial-constellation diagram should be a
partition of the transmit-antenna array

M. Di Renzo and H. Haas, “Transmit-Diversity for Spatial Modulation (SM): Towards the Design of High-
Rate Spatially-Modulated Space-Time Block Codes”, IEEE Int. Commun. Conf., June 2011. 261
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Time-Orthogonal Shaping Filters at Tx — Example

d From Result 3 and Result 4, it follows that this scheme achieves

transmit-diversity equal to 2 with single-stream decoding

Y

\V4

<

Al . wi(.)
amouti
0 STBC ST
wy(.)
-S2
Al . w,(.)
amouti
STBC ST
w,(.)

Y

M. Di Renzo and H. Haas, “Transmit-Diversity for Spatial Modulation (SM): Towards the Design of High-

Rate Spatially-Modulated Space-Time Block Codes”, IEEE Int. Commun. Conf., June 2011.
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d Case studies

> Worst-case setup, which achieves transmit-diversity equal to 1 and needs a
multi-stream decoder at the destination. It is obtained by using the same
shaping filters in all the antennas at the transmitter along with a spatial-
constellation diagram with overlapping sets of points (SM-STBC)

> Best-case setup, which achieves transmit-diversity equal to 2 and needs a
single-stream decoder at the destination. This is obtained by using different
and time-orthogonal shaping filters at the transmitter along with a spatial-

constellation diagram composed by non-overlapping sets of points (TOSD-
SM-STBC)

d Baseline schemes
> SM

> Alamouti code (rate=1)
> H3 and H4 OSTBCs (rate=3/4)

M. Di Renzo and H. Haas, “Transmit-Diversity for Spatial Modulation (SM): Towards the Design of High-
Rate Spatially-Modulated Space-Time Block Codes”, IEEE Int. Commun. Conf., June 2011. 263
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E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Space—time block coded spatial modulation”, IEEE
Trans. Commun., vol. 59, no. 3, pp. 823832, Mar. 2011. 268



Transmit-Diversity for SM (46,/61)

TABLE 1
STBC-5M MAPPING RULE FOR 2 BITS/s/HZ TRANSMISSION USING
BPSK. FOUR TRANSMIT ANTENNAS AND ALaMoUuTI’ s STBC

Input| Transnmussion Input Transmission
Bits Matrices Bits Matrices
0000 ( 1 10 ﬂ) 1000 (l::- 1 1 n) 230
Example; —-1100 0=110
1 -100 01 —10Yy .
- = 0001 1001 38
Nt =4 f—o (1 1 n:m) s ((}1 | [J)E
- BPSK Alamouti 0010 (—l Lo Uj 1010 (U -1 1 ﬂ) 030
—1-100 0—-1-10
-R =2 bpcu
P o (00 | fn (5 he) e
X1 — X2 _
o (35 )| [ e (F58 )
oo (o013 ], e Grood)er
f=1 fF=3
0110 (n:} 0—1 1 j 1110 ( 1 00 —L) 270
00 —1—1 —100 -1
([ x1 2200 00 1 @2 1 o111 (n:} 0 —1 —1) 11 (—1 00 —L) 20
X1 = —x5 2 00)°\00 —2% 2 J 00 1 —1 100 1

_0371 ro 0 ro 00 a1 56
e300 )

E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Space—time block coded spatial modulation”, IEEE
Trans. Commun., vol. 59, no. 3, pp. 823832, Mar. 2011. 269
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Fig. 3. Block diagram of the STBC-3M ML receiver.
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Transmit-Diversity for SM (49/61)
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Transmit-Diversity for SM (51/61)
The Golden Code

The codewords X of the Golden Code are 2x2 complex matrices of the following form :

o [a+bo] o [e+de]
TR 60) [erdo®)] ofa) [atbo®)

where

a,b,c,d are the information symbols which can be taken from any M-QAM constellation carved from Z[1]
1= sqrt(-1)

0 = (1+sqrt(5))/2 = 1.618... (Golden number)

o(0) = (1-sqrt(5))/2 = 1-6

a=1+1-10=1+ 10(0)

o(a)=1+1-16(0)=1+16

J—C. Belfiore, G. Rekaya, and E. Viterbo, “The golden code: A 2 X 2 full-rate space—time code with
nonvanishing determinants”, IEEE Trans. Inform. Theory, vol. 51, no. 4, pp. 1432-1436, Apr. 2005.

http:/ /www.ecse.monash.edu.au/staff/eviterbo/perfect_codes/Golden_Code.html 274



Transmit-Diversity for SM (52/61)

Double Space-Time Transmit Diversity (DSTTD)

FROM CHANNE >1,1%1,2| spmp 1
ENCODER AND
ENCODER
MODULATOR 2
°2,1°2,2 [ gprp 3
>
ENCODER
4
~
\ S o
\ S
\ Mo
Y 0 T 2T -, 0 T 21
\ | I | | | |
\ = = Sl /\/E 52 /\/E
\ 1 2 STTD <j 1
\
\ ENCODER : : <ﬂ 2
S22 silN2

E. N. Onggosanusi, A. G. Dabak, and T. M. Schmidl, “High rate space—-time block coded scheme:
Performance and improvement in correlated fading channels”, IEEE Wireless Commun. Netw. Conf., pp.
194-199, Mar. 2002. 275



ty for SM (53/61)
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Transmit-Diversity for SM (54/61)
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Transmit-Diversity for SM (55/61)
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Transmit-Diversity for SM (56,/61)

SM-CIOD: Transmit-Diversity with a Single-RF Chain

) - _
S 0
antennas- .
0 §,
\ i _
channel uses 5= exp[ j al’“a“(z)]xQ
2 AM
e .
ﬁ < 1 — S1,| T JSZ,Q
§ =g 4+ 1S
22 2.1 J*1,0

R. Rajashekar and K. V. S. Hari, “Modulation diversity for spatial modulation using complex interleaved
orthogonal design”, IEEE TENCON, Nov. 2012. 279



Transmit-Diversity for SM (57/61)

SM-CIOD: Transmit-Diversity with a Single-RF Chain

i
5, O]l [ o o1 [ o 0° 0 0] [ 0 5]
0 3 i, 0 0 0 0 0 0 0
0 0 0 3 i 0 0 0 0 0
4 \ : 0 59 [soreveeen- \ >
0 0 0 0 : sy 0O 0 0
0 0 0 0O 0 0 0 5o 51 0
\ CB, CB CB3 CBw, _1 CBy, )
log, N; + log, M? b - First channel use: antenna 1 is used
9 pet. - Second channel use: antenna (1+1) mod N, is used

R. Rajashekar and K. V. S. Hari, “Modulation diversity for spatial modulation using complex interleaved
orthogonal design”, IEEE TENCON, Nov. 2012. 280



Transmit-Diversity for SM (58/61)

SM-CIOD: Transmit-Diversity with a Single-RF Chain

[ 51 = 77 [0 O7 [0 O [ 0 0 17)
0 & i * 0 0 0 0
C'BS| = 4 0 0 0 359 81 # , 0 0 .,
0 0 0 0 0 &2 g1 *
| e 0O | « O | [ e« 0 | | e 352 |)
([ 51 = 7 [0 O [0 O [ 0 s 1)
0 0 §1 % 0 0 0 0
CBS2=<1 0 & 0 0 st x|, 0 0 1% log, N2+ log, M?
0 0 0 & 0 0 §1 0+ B2 . 52 = log, (N M) bpcu,
B 0 ] | e 0 | | « &2 | | e 0 1) 2
([ 51 = 77 [0 O [0 s271 [ 0 0 7)
0 0 5 0o 0 0 & - Nt + 1 antennas
CBS;=4{] 0 0 0 0 G % [,] 0 0 |} )
0 52 0 0 0 0 g1  * - Nt CBS
| e 0| [ e & | [« 0 | | e 0 1)
([ 8¢ = 7 [ 0 s 7 [0 O7T 7 0 0 7)
0 0 81 % 0 s9 0 0
CBSy = 4 0 0 0 0 81 % , 0 &9 :
0 0 0 0 0 0 g1  *
L | ® sSo | | e 0] [ e D] | e 0 | )

CBS; = {e/%CB;; |1 <j < N;} for 1 <i < N,

R. Rajashekar and K. V. S. Hari, “Modulation diversity for spatial modulation using complex interleaved
orthogonal design”, IEEE TENCON, Nov. 2012. 281



Transmit-Diversity for SM (59/61)

Phase Rotations

TABLE II1
CODING GAIN OPTIMIZED EXPONENTIALS FOR THE PROPOSED SCHEME WITH HIGH DOSM.
E;?5'1 E,in'z E,J'f‘:n E,J'fh
4-QAM —0.9239 + 0.38275 1.000075 J071 + 070715 0.9239 + 0.3827
8-QAM 1 0.8090 — 0.5878j —0.3090 4+ 0.9515 0.3090 4 0.9517

R. Rajashekar and K. V. S. Hari, “Modulation diversity for spatial modulation using complex interleaved
orthogonal design”, IEEE TENCON, Nov. 2012. 282




Transmit-Diversity for SM (60/61)

Low DoSM scheme with N =4, High DoSM scheme with N =3,
N =1, 8—-0QAM (R= 4 bpcu) N =2, 4-0QAM (R= 4 bpcu)

r r
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Transmit-Diversity for SM (61/61)

Low DoSM scheme with ?it:-l.
N =1, 16-QAM (R= 5 bpcu)
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Spatially-Modulated Space-Time-Coded MIMO (1/23)

The signal received at the r—th receive—antenna and at the
s—th time—slot 1s ((s — 1) T < & < sT%):

5 Nt .
Zs,r (‘5) — & 9 Z {thj (.“*) H-r,t'wt (6)} T Is,r (‘f)

a5 =

where we have defined:
X (1) = M, o, (12

0 if agﬂ) —0
D"/[S:tm"\fﬂ (H) 1f agﬂ) —

O N, transmit-antennas N, active transmit-antennas

O N, receive-antennas N, time-slots

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727 286



Spatially-Modulated Space-Time-Coded MIMO (2/23)

\V4

<

<

wiy(-)

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727 287



Spatially-Modulated Space-Time-Coded MIMO (3/23)

log, (A) + Ny log, (M)

[T

.

OSTBC

OSTBC

Ll

\V4
\Y4

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.

http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727
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Spatially-Modulated Space-Time-Coded MIMO (4/23)

=T,

N. N,
(&, 1) = arg min . E E
H N = J'Vf_

ﬂ_["?’—]E_A:J}_:I:'ﬁ_IEJW:'&?EJM_”__' e s=1r=1 EE_I] a

0

1 Ha (x: X)APEP (x — Xx)
ABEP < —
- Z AMNw Z log, (A) + Nm log, (M)

() - \fll‘ HQZ[ ) () Hpwe (€ = (s = 1) T)|

2
dg}

"L(cx Ty

XFX
ugh

Jﬁ'l['._:‘ Jﬁ'l[-r. Jﬁ'l[l Jﬁ'l[f_ Xl:'i} {"" EQ} l: :I I:CE:I * T
ary () XU () X% () X5 () X s
X = Z:i Z { Z—: Z_: {( -|a1(2}. 2 .{2} 2 t - - 2 HTETLHTH /; “h (©) e (&) de

F o @l ) \ 2@l [l

Yx—x (H) = 7 (H)" ¥ (x,x)n (H)

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727 289



Spatially-Modulated Space-Time-Coded MIMO (5/23)

X E
APEP (x - x) =En< Q \/_n‘?"}x—:ri (H)
AN,

1 ﬂ'f? ES
= — E exp [ — 4 Vv—v (H db
iy /{1 H { I ( 8N sin? (6) x=x )> }

)1 [7/? E
i_/ ,z:,,fﬁ( 2 )dé’
™ Jo XX \ 8Ny sin~ ()

O

o
S

A
S

APEP (x — x)

1 [? Es -\
= — 1+ A df
’JT/D - H ( 8 N, sin” (0) q)

A€ (R ¥(x.X))

] . —Galx.x)
Es/No>1 ~ ES
— (Gc (X, x) 4Nﬂ)

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-

Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
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Spatially-Modulated Space-Time-Coded MIMO (6/23)

G-xx)=|CGx) I A

AdEL(Ry ¥ (X, X))
Ga(x.x) =card {K(Rp,¥(x.Xx))}

0

D =ming, ) 1Ga(x,x)}

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727 291



Spatially-Modulated Space-Time-Coded MIMO (7/23)

Description of Transmission Modes

GSSK (Generalized Space Shift Keying) — The spatial-constellation diagram is chosen such that its symbols al®) £ 4 have N, = N5 for
N
a—=1.2 .. .AandA— 2"l (8)1] 1y implies A C Id.

MRSSK (Max—Rate Space Shift Keying) — The spatial-constellation diagram is chosen such that it contains the largest number of symbols
al=) & A with N, assuming all possible values in [0, N,] foraa = 1,2,...,A and A = 2Ne, This implies 4 = U,

MRSSK, ;, (Max—Rate Space Shift Keying “without the all-zero symbol™) — The spatial-constellation diagram is chosen such that it

contains the largest number of symbols a'®! € A with Na except al=) = 0y, with N assuming all possible values in (0, N] for

a=1,2... A and A = 2V« —1 This implies A C I, ;.

SMSTT (Spatially-Modulated Spﬂce—Tirm—Trmmn”mﬂm} — The spatial-constellation diagram is chosen such that its symbols a'®) £ 4
£\

have Np = Nz fora =1,2,... . Aand A = Z-IQET”:-""Q}'J. This implies A < I{. The mother space—time code M (.} is transmitted from

the active antennas in a'=! ¢ 4 over N time—slots,

Rand (Random) — The symbols of the spatial-constellation diagram a'=! € 4 C Uf are randomly chosen but kept fixed for the whole
CcOmmunication.

SetPart (Set Partitioning) and NuSetPart (Non-Uniform Set Partitioning) — The symbols of the spatial-constellation diagram
al=) £ A C U are chosen such that the active antennas in each symbol result in a partition of the antenna-array. Once chosen, the symbols

are kept fixed for the whole communication. SetPart is obtained if No = Na fora = 1,2,. .., A. NuSetFart is obtained if No can be
different for o« = 1,2,..., A
ISF (Identical Shaping Filters) — The shaping filters are the same for all the antenna—elements, Le, wy (£) = wg (£) fort = 1,2,... N,

OSF (Orthogonal Shaping Filters) — The shaping filters are different and time—orthogonal for all the antenna-elements, ie.,
ST ey () we, (£)dE=0fort1 £tz =1,2,... Ne

SWOSF (Symbol-Wise Orthogonal Shaping Filters) — Let a'®1) £ 4 and a'®2) £ 4 be two generic symbols of the spatial-constellation
diagram for a; # az = 1,2, ... A, Let w,, (-) be the common shaping filter used by all active antennas in a'=/. Then the shaping filters
are chosen such that JI"DI‘ Wey (£) Way (£)dE = 0. Unlike OSF. the active antennas in a'®) have the same shaping filler.
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Spatially-Modulated Space-Time-Coded MIMO (8/23)

Acronym of Transmission Modes, Rate (R), Diversity (I}), and Examples (X={I5F, OSF}, Y={ISF, O5SF, SWOSF})

o TMI-GSSK—Rand-X(N¢.Na): R = {lmrg[ ]J and I = Ny if X=ISE, D = 2Ny, if X=OSF
Example: A = {[0,0,1,1]",[0,1,1,0]" ,[1, 1.{],{}]’*" [1,0,0,1]"}

® TMI-GSSK-SetPart-Y(V;.No): R = logy (| Ni/Na]) and D = Ny if Y=ISE, D = 2Na N if Y=OSE. D = 2N, if Y=SWOSF
Example: A = {[0,0,1,1]",[1,1,0,0]"

e TMI-NuSetPart-Y{Nt.Na): R =loga (A) and ID = Ny if Y=ISE I = [min {Na} + min {Na — {min {Na}}}] Nr if Y=0SF,

D = 2Ny if Y=SWOSF B
Example: 4 = {[L. 1,1,07,[0,0,0,1] } for No = {3,1}

o TMI-MRSSK-X(N¢): R = N; and I = N»
Example: A =4

o TMI-MRSSK, ;-Rand-X(N;): R = N; — 1 and I = N, if X=ISE, [ = 2N, if X=0SF

Example: .4 = {[{}. 0,0,1" ,[0,0,1,1]" ,[0,1,1,0]" ,[0,1,1,1]" ,[1,0,0,0]" ,[1,1,0,0]" ,[1,1,0,1]" ,[1, 1,1, D]T}

» TM2-SMSTT-Rand-X(N;.Ns) R = (1/N.) Llﬂgﬂ[{‘:::';}]J + (Nm/N:)log, (M) and D = N, if X=ISE, I > NgN,. if X=OSF
Example: .4 = {[{}.D, 1,17, 0,1,1,00" ,[1,1,0,0]" ,[1,0,0, 1]'*"} and M (-) = H2

e TM>2-SMSTT- SE'[PHI[—Y[.ML 1":'::} R = {1 """n'.l:_ll].f_'lgg |_1|'|'|:._|- r';_I (.Fh'rmf'f.nln'rs:]].ﬂgﬂ [_M} H.Tllj ]:I] e .ﬁlu'rr_';.nln'rr
Example: A = {[0,0,1,1]" ,[1,1,0,0]" } and M (-) = H2
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Spatially-Modulated Space-Time-Coded MIMO (9/23)

ML-Optimum Single-Stream Decoding:
TM2-SMSTT-SetPart—OSF and TM2-SMSTT-SetPart—SWOSF

N,

- 2 IV ! = ~ i & - E?
A&, ) o z {{Esfﬁj [H,z, | i * + ‘ i) — Eﬁﬂ{x Es/2HT ; M1~E r}} - QRE‘{vEszHr_ggﬂlzg_r}H
r=1
A1 [E:;H )
S : T (i BT i)
—Z [{ES;@"HT:EZI lfi2|? f55f2}|H | | 2] —ERE{E Es/2H] ; (57, }_QRE‘{ Es/2H] ; #2~2r H
r=1
."'Lz [E:.Ir._i-z ]
N 2 =
Ay (G )= [{ES;’EJ‘HF,ng i f? + (Bs/2) [H,. ., | 18] — 24/ Es/ znc{H H,. ijpp") 4 HY ; H, :zﬁm;p{‘?'“-’-'}—zl r-:'&-.;fa:u]
r=1
Np -
Az (& piz) =Y [{E:—-:;’E) [, 2 [P 1822 + (Bs/2) |1, | 18212 - 24/Bs /2Re {H7 5 Ho oy o o007 + B HL o a3pap(272) ) - T, ['fi'-.tfz)]
r=1

iy
(T, (6,u) = —2v/Bs/2Re {H; Hﬂlﬁ-mﬁﬂ(h’f?)} o
+2/Fa73Re {H Hrfz.ulmp . £y } q 7s (_ﬂ-:._ ,u.g) — ()
To (&, fi2) =2\/ﬁRe{H*-- H, ., i3 pl™ ;2} Zi (a,11) = 0
—?x/WRE{ H, ,, jiop}p(> 0 } 294




Spatially-Modulated Space-Time-Coded MIMO (10/23)

ML-Optimum Single-Stream Decoding:
TM2-SMSTT-SetPart—OSF and TM2-SMSTT-SetPart—SWOSF

Alamouti

(&, fi1, fi2) = arg min {A1 (1) + Ao (a, o)}
al®ecA i1EM, iaeM

-

1
(:) arg min < argmin  {Aq1 (o, j11) + Ao (o, f12)}

a(@eca |A1EM, ineM

i

& arg min < argmin {Aq (&, 11)} + argmin {As (&, j12)}

al@)ca | pLeEM poeM

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727 295



Spatially-Modulated Space-Time-Coded MIMO (11/23)

Step 1: For every hypothesis al® € A of the spatial—
constellation diagram, compute:

fi1 (o) = argmin{ Ay (&, f11)}
fi1 €M

fiz (o) = argmin { Az (@, f12) }
}'19 E..-"M

Step 2: Compute the estimate of the symbol belonging to
the spatial-constellation diagram as follows:
a = argmin {/i1 (@) + fiz ()}
ald)eA
Step 3: Compute the estimates of the two symbols belong-
ing to the signal-constellation diagram as follows:

f11 = fiq (@)  and 19 = fig (@)

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727 296



Spatially-Modulated Space-Time-Coded MIMO (12/23)

ML-Optimum Single-Stream Decoding:
TM2-SMSTT-SetPart—OSF and TM2-SMSTT-SetPart—SWOSF

g

¢ N, Na ,
fim (@)l n_1 2. N, = argmin {Am (@ fim) =Y [(ES,IQ) ( |H, ;. 2) im|? = 2V/Bs/2Re { T30 (¢, ;7) ﬁ;}}

=1
Nm
& = arg min Z [l (&)
EI.(&:IEA m=1

[ Amlm=t,2,. Ny = Am (@ =8)lz1 0 Ny

|

Example: OSTBC Tarokh-H3
T (ti;f):zﬁi)ﬂ.:,gl+(z§’f;’t’))' w72 () =42 )1, - /) (47 +z£*§J) H,
o (i) = 00, - (), w(siu Va7 (),

1/v2) ( () —5’-‘3)) L (1 /f)( )) H,;, + (1/V2) (J) H
+(1/2) (;EZ{ ) ey~ (1/ v2) (54..5 ) H,

M. Di Renzo and H. Haas, “On Transmit—Diversity for Spatial Modulation MIMO: Impact of Spatial—-
Constellation Diagram and Shaping Filters at the Transmitter”, IEEE Trans. Veh. Technol., to appear.
http:/ /ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6428727 297




Spatially-Modulated Space-Time-Coded MIMO (13/23)

Diversity Analysis (N, =1—R = 4 bpcu)

¥ TM1-GSSK-SetPart-Y1(32.2)

o TM1-GSSK-Rand-X(7,2)

» TM1-GSSK-Rand-X(7,4)

O TM1-GSSK-SetPart-X(32,2)

« TM1-GSSK-SetPart-X(64.4)
TM1-MRSSK—-X(4)

ABEF

10

EE." M q [dB] 298



Spatially-Modulated Space-Time-Coded MIMO (14/23)

Diversity Analysis (N, =2 — R = 4 bpcu)

# TM2-SMSTT-Rand-ISF(7,2)

O TM2-SMSTT-SetPart-ISF(32.2)
TM2-SMSTT-Rand-05F(7.2)

O  TM2-SMSTT-SetPart-0OSF(32,2)

. TM2-SMSTT-SetPart-SWOSF(32,2)

el ! By ! ! ! !

.1|:|-2:__--......é...--.-.-.[:a.....-.'._.;_-', .-.......E..--.-....E...----.--:,.......-.:

ABEF

1 1 (| 5 1 1 1
- . . . . .
1 S e T R
- Ll

10°° I I I I:I w Y | |
0 5 10 15 20 25 30 35
ES.I' N.:. [dB] 299




Spatially-Modulated Space-Time-Coded MIMO (15/23)

Multi vs. Single-Stream Decoding (R = 4 bpcu)

—4— TM2-SMSTT-5etPart-Z(32,2) - multi-stream ML in Eq. (3)
—o— TM2-SMSTT-5etPart-Z(32,2) - single-stream ML in Eqgs. (16)-(18
—o— TM2-5MSTT-5etPart-Z(45,3) - multi-stream ML in Eq. (3)
—8— TM2-SMSTT-5etPart-Z(48,3) - single-stream ML in Eq. (19)

10 I I I I I ]

r . . . . l:ﬂ]Mr=1
)N =2 |
()N =4 |

ABEF

0 5 10 15 20 25 30
E /N [dB]
= 0 300



Spatially-Modulated Space-Time-Coded MIMO (16/23)

ABEP

—#— SIMO - M=16

—— Spatial-Mux [Mt=2) — M=4

-- - &3 -- Spatial-Mux (Nt=4) — M=2

OSTBC-H2 - M=18

—&8— OSTBC-H3 - M=32 (R=3.75)

OSTBC-H4 — M=32 (R=3.75)

Zolden Code — M=4

—&— DSTTD — M=4

—&— STBC-5SM (Me=8) — M=4

—+— TM1-GS5K-5etPart—05F(18,1) — Setup (a)
—+— TM1-G5S5K-5etPart—05F(32,2) — Setup (b)
—+— TM1-G5SK-5etPart—05F{84 4) — Setup (c)

TMI-SMETT-5atPar-SW0EFAZ 7)) — M=4 — Satup (d

R =4 bpcu
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Spatially-Modulated Space-Time-Coded MIMO (17/23)

ABEP

—F— SIMO — M=£4
—— Spatial-Mux (MNt=2) — M=8
-+ -3 - - - Spatiak-Mux (Mt=3) — M=4
— QSTBC-HZ — M=04
—B8— OSTBC-H3 - M=256
OSTBC-H4 — M=256
Golden Code — M=8
—&— DSTTD - M=8
—&— STBC-5M (Mt=83) - M=18
—+— TM1-GS55K-5etPart—OGF(64,1) — Setup (a)
—+— TM2-5SMSTT-5etPari-SWOSF(8.2) — M=32 — Setup (b)
—+— TM2-5MSTT-SetPart-5WOSF(32,2) — M=18 — Setup (c)
TM2-SMSTT-SetPart-SWOSF(128,2) — M=8 — Setup (d

107

20 25 a0 35 40 45
E_/N, [45]

R = 6 bpcu
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Spatially-Modulated Space-Time-Coded MIMO (18/23)

ABEP

10

—#— SIMO - M=54
—o— Spatiak-Mux (M=2) — M=B
-3 -- - Spatiak-Mux (M=3) — M=4
QS5TBC-H2 — M=64
—8— QO5TBC-H3 - M=258
QS5TBC—H4 — M=256
Golden Code — M=8
—&— DSTTD - M=8
Z— STBC-5SM (Mt=8) — M=16
—+— TM1-G55K-5etPart—O5F(84, 1) — Setup (a)
—+— TM2-SMSTT-SetPart-SWOSF(8,2) — M=32 — Setup (b)
—+— TM2-SMSTT-SetPart-5WOSF(32,2) — M=18 — Setup (c)
TM2-SMSTT-5etPart-3WOSF( 128.2) — M=8 — Setup (d

R = 6 bpcu
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Spatially-Modulated Space-Time-Coded MIMO (19/23)

ABEP

—#— SIMO - M=04
—— Spatial-Mux (M=2) — M=8
-+ - - - - Spatia-Mux (M=3) — M=4
— QSTBC-H2 — M=04
—&8— OSTBC-H3 — M=25&
QSTBC-H4 — M=256
Golden Code — M=8
—2— DSTTD - M=8
—&— STBC-SM [Mt=8) — M=10
—+— TM1-GS5K-5etPart-O5SF(84.1) — Setup (a)
—+— TM2-SMSTT-SetPart-SWOSF(8.2) — M=32 - Setup (b)
—t+— TM2-5SMSTT-5SetPart-SWOSF(32,2) — M=16 — Setup (c)
TMP-SMETT-SatPart—SWOISE( 128 2) — M=R — Sahap (d

10°

E_/N, [dB]

R = 6 bpcu
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Spatially-Modulated Space-Time-Coded MIMO (20/23)

—%— SIMO — M=25E

—&— Spatial-Mux (Mi=2) — M=16
- == 3= - Spatial-Mux (M=) — M=4
O5TBC-H2 — M=25d

—Ba— OSTBC-H32 — M=1024 N — 1
OSTBC-H4 - M=1024 _—
Golden Code — =18 —_—

—&— DSTTD - M=16 R =8 bpcu

—— TM1-GSSK-Rand—-0SF(24,2) — Setup (a)

—— TM2-SMSTT-SetPart-SWOSF(8.2) - M=128 — Selup (b)

—— TM2-SMSTT-SetPart-SWOSF{32.2) - M=84 — Selup {c)
TM2Z-SMSTT-SetPart-SWOSF({128,2) - M=32 — Setup (d)

ABEP
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Spatially-Modulated Space-Time-Coded MIMO (21/23)

ABEP

10"

—4— SIMO - M=258

—o— Spatial-Mux (N=2) — M=18

--£3- - - Spatial-Mux (N=4) — M=4

OSTBC-H2 — M=258

—a— OSTBC-H2 - M=1024

OSTBC-H4 — M=1024

Golden Code — M=18

—— DSTTD - M=16

—— TM1-GSSK-Rand-0SF(24,2) — Setup (a)

—— TMZ-SMSTT-SetPart-SWOSF(S,2) — M=128 - Setup (b)

—— TMZ-SMSTT-SetPart-SWOSF(32,2) — M=54 - Setup (c)
TMZ-SMSTT-SetPart-SWOSF(128.2) - M=32 - Setup (d

15 20 25 30 35 40
E /N, [95]

R = 8 bpcu
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Spatially-Modulated Space-Time-Coded MIMO (22/23)

ABEFP

W g

—F— SIMO — M=256
—o— Spatial-Mux (Mt=2) - M=16
- -- i3 - - - Gpatial-Mux (Mi=4) — M=4
— OSTBC—H2 - M=2548
—8— OS5TBC—H3 - M=1024
OSTBC—H4 - M=1024
Golden Code — M=18
—&— DSTTD — M=16
—+— TM1-G55K-Rand-05F(24,2) — Setup (a)
—t+— TM2-SMSTT-5etPart—SWOSHB.2) — M=128 — Setup (b)
—t+— TM2-SMSTT-5etPart—SWOSFH32.2) — M=84 — Setup (c)
TM2-5SMSTT-SetPart-SWOSH128,2) — M=32 — Satup (d)

R = 8 bpcu
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Spatially-Modulated Space-Time-Coded MIMO (23/23)

ABEF

—%— OSF-5patial—-Mux (Nt=4) - M=4
— — — O5F-05TBC-H2 — M=258
—— SWOSF-DSTTD (M=) - M=186

OSF-TD (Nt=%) — M=256
—8— TM1-G55K-Fand-05F(24.2)
TM2-5MSTT-SetPart-SWOSF(E,2) - M=128
TM2-SM5TT-5etPart-SWOSF(32,2) — M=064
TM2-SMSTT-SetPart-SWOSH{128.2) — M=32

10 ! ! ! !

E /N, [dE]

OSF-MIMO

N,=2

R = 8 bpcu
308
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Relay-Aided SM (1/24)

Time-Slot 1
M @
E%\< COM ﬁ\e,%\o't
T e TSy

S
Time-Slot 2 oC

10 -

Multi-Hop Networks:

O Advantages: better performance,

extended coverage... 2

2

O Disadvantages: additional ;
resources (relays :

YS, (0 single-hop B
time-slots, frequencies), :
capacity reduction, multi-hop f
half-duplex constraint... B}

10 0 2 4 6 8 10 12 14 16 18 20

Signal-to-Noise-Ratio [dB]



Relay-Aided SM (2/24)

10

=
o,
[\

Time-Slot 1

T

non-cooperative -

iy
o,

'
N
T T

ol
A
5
%
@
S
~
N
N
O\d’
%
Error Probability

=
o

10 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Signal-to-Noise-Ratio [dB]

Cooperative Networks:
O Advantages: better petformance, (macro) diversity...

0 Disadvantages: additional resources (relays, time-slots, frequencies),
capacity reduction, half-duplex constraint...

3



Relay-Aided SM (3/24)

Dual-Hop Spatial Modulation

Source Destination

Demodulate-and-Forward (DemF)

Py(Ysa) = Po(Ysr) + Po(Bra) — 2Py (Yst) Py (Fra)

N. Serafimovski., S. Sinanovic., M. Di Renzo, and H. Haas, “Dual-hop spatial modulation (Dh—-SM)”,
IEEE Veh. Technol. Conf. — Spring, pp. 1-5, May 2011. 312



Relay-Aided SM (4/24)

N' =2, Nf =2, N” = 2 and 7 bits/s/Hz per link spectral efficiency

(=R RRN RN RN AR RAN BN | u [ A=R RN RER R RN RN RN AR R AR R RRR RO NER AR R= RUR R RER RN RN RRD Y
IREIININLIININDINID tr [} R RN RN R RN RN RN RN RN RAR RN RN RENER RRRY JERRRRERRRN RN ARDY

L= LN RN RN NN NN AN AR RN R RN IR AR - RN RN RN AR AL ]
L] L] L]
HEIRN IR e e e e

o T T
IIIIIIIIIIIIIIII:IIIIIIIIIIIIIIIIII

AN RN RN RN, RRRRRRAR RN AR RN O

' : LM 11T
+DF__-||!||I-I|::E. 'j} l|l||||||||||||||||||||||||||-||.|”.:..I:: L)

lIlIIlIlIIlIlIIlIIlllllllllllllill.‘l'l:ll
— DF——Sim(s, d)
2
o Dh-SM—An(s, d) H1 =32 |

Bit—-Error—Ratio

Dh-SM—Sim(s, d) N7 = 2 £

___DN-SM—Sim(s, d) N = 4 P sl

. IIIIIIIIIIIIIIIIIIiIIIIIIIIIIIIIIIIIIEIIIIIIIIIIIIIIIIII

_ Dh—EM——EIm{E d:l N15 = 32IIIIIIIIIIIIIIIIIIEIIIIIIIIIIIIIIIIIII;IIIIIIIIIIIIIIIIII

0 5 10 15 20 25 30
SNR / dB
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Relay-Aided SM (5/24)

NP =32, N =2, Hf = 2 and 7 bits/s/Hz per link spectral efficiency

IIIIIIIIIIIIIIlIlIIlIlIIl:lllIlIIlIlIIlIlIIlItlIIIIIIlIIlIlIIlIII!IIIIIIIIIIIIIII

l;l |||||||||||||||||| E ||||||||||||||||||| !l |||||||||||||||||

I.*.IIIIIIIIII

EFIIIIIIIIII IlIlIIIIIIIIIlIllIIlIlIIlIlIIlIIII

: rE_
—— DF——An(s, d) Ht =2

.DF—Sim(s, d) N{ = 2

Bit-Error—Rato

IlIlI-IIIEIIIIII L RN RRNY]

TR TER T
% 5

Dh-SM——An(s, d) N1'= 32

Dh-SM—Sim(s, d) Nf = 2 .
_Dh-SM—Sim(s, d) N! = 4 !

_Dh-SM—-Sim(s, d) N; =

SNR / dB
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Relay-Aided SM (6/24)

Nf’ =2, H: = 2 and 7 bits/s/Hz per link spectral efficiency

(AR RRR RN RN RN RRN RN NN AR RNRR RN RN RN RRRRL RON N e 101 ni (BN R RER RN RER RN AR RN RRN RN RRRRR RRR R RRN AR D
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
....

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

. |:| % E
-E-DF"E'””E= K ”r "2 Nm iR
. [ d 3
E DF——EIm{E d} H[ — -151-, N[ - -d- o 1 5 1 BIRIININ]

Bit—Error—Ratio
=

| [ d : \ :
| Dh-SM-—An(s, d) N[ = 4, N"= 4 phid 5
= r d i
10 f___Dh-SM—-Sim(s, d) N| = 2, N = 2fitigsins
. R e W o
-@- DSBS N, =2 By = g XN .
. r d E ik
- DN-SM—-Sim(s, d) N, = 4, N = dpuus o
107 :
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Relay-Aided SM (7/24)

Bit—-Error—Ratio
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N =4, N = 4 and 7 bits/s/Hz per link speciral efficiency
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Relay-Aided SM (8/24)

Bit—Error—Ratio

H =2, H =2, H =2, N = 2 and 7 bits/s/Hz per link spectral efficiency

1'D
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Relay-Aided SM (9/24)

Virtual SM-MIMO for the Uplink

-
<

Distributed
spatial-constellation diagram

d

In TS-1, MS broadcasts its own info symbol
to a group of Ny relays. Each symbol has

log,(Npg) bits (QAM or PSK)

The relays decode the received symbol
without any coordination among them

Each relay is assignhed an individual ID. If
the symbol received from MS coincides with
the ID, then the relay is activated for
transmission

Thus, the relays play the role of a distributed
spatial constellation diagram

The relay-activation process conveys
information

Errors may occur, and so multiple or no

relays may wake up
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Virtual SM-MIMO for the Uplink

- 2 2
bgﬂ) — arg min Z YrRD; — F (b(D) (g,_t ), agfg))

D) g(F1) aiRQ)) P

e{(0, 1-0)-(1-0 1)} Conventional
F (f(ﬂ'} 0. ¢ rfl —1.¢ {Hq _ ﬂ) _ "O/E—mhfh D, SSK Demodulator

F(b(D)_l (Ri —0.¢ (RQ} 1) _ fEmh-Rng

S. Narayanan, M. Di Renzo, F. Graziosi, and H. Haas, “Distributed Space Shift Keying for the Uplink of
Relay-Aided Cellular Networks”, IEEE CAMAD, Sep. 2012. 319
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Optimal (Error-Aware) Demodulator

Ysr, = hsgr,*s + ngg,
YsSr, = hsp,Ts + nsgr,

0

(. - 2
bgﬂx] = arg min{ ysr, — VEmhsg, (1 — ng) }
{ bse{0,1}
. N2
bgﬁz] = argmin< (Ysp, — vV Emlsg, (1 — ng) }
\ bse{0,1}
: (R ~( R»
YRD; = V Emhﬁlﬂgﬁ (IDRL:bF&T 1}) A (ID E}{RF]) o {1 if IDRF — bgﬁr}
. Rr+"s - . 7 (Fr)
+ VEmhrp,A (ID g, 0Y™) + nsn, 0 if IDpg, # by

S. Narayanan, M. Di Renzo, F. Graziosi, and H. Haas, “Distributed Space Shift Keying for the Uplink of
Relay-Aided Cellular Networks”, IEEE CAMAD, Sep. 2012. 320
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Optimal (Error-Aware) Demodulator

) _ arg max Piyrp.| H D) a{R” alft2) P I (B H{Rl} a'f2)
S i a S tx Ly S tx by
bg}}e{&l} (Hljiﬂ (Rqa;ﬂ d=1
2
/ ‘yRDJ — (\#’JEmfll_Hi afI 1+ E thD atT ))‘ \

T2 ) R
P{Q’RDJ{JH (biﬂ? ﬂ:}:xl :airﬂjj} = exp No

P {’H (b(m (Rl H-Efij)} = WSR, (5":‘9 ] ﬂile )H-’SR: (ijvﬂ'ifg])

. (E{Srm,aif‘?:') _ (\/z‘hgg E (Emfj\,-'q_‘])) if (bﬂ )=#—1 and ol #g) or (-B-%D:l £7—1 and a{f") :D)

1 —
\ (\/E‘th | E../No) ) otherwise /

S. Narayanan, M. Di Renzo, F. Graziosi, and H. Haas, “Distributed Space Shift Keying for the Uplink of
Relay-Aided Cellular Networks”, IEEE CAMAD, Sep. 2012. 321
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Spectral-Efficient Relaying

Repetition Relaying

MS(MS)>Rx | R1(MS)>BS | R2(MS)>BS | R1(R1)>BS R2(R2)>BS
Selective Relaying
MS(MS)>Rx | Rbest(MS)>BS | R1(R1)>BS R2(R2)->BS

Network Coding (NC) Based - Phoenix

MS(MS)>Rx | R1(MS,R1)>BS | R2(MS,R2)>BS _
A new relaying protocol
DSTBC Relaying — Alamouti Based based on Spatial Modulation
(the Relays have data in their buffers )
MS(MS1)>Rx | R1(MS1)->BS | R1(-MS2*)->BS
MS(MS2)>Rx | R2(MS2)>BS | R2(MS1*)>BS @ @
Spatial Modulation Based @ -.
id=MS1 id=MS2
MS(MSi)>Rx | Rid(Rid)>BS | Rid(Rid)>BS | u = =
Rnid is silent Rnid is silent
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Distributed SM

{ Ysr, =\ Eshspr, stz +nsR,

ysp =/ Eshspste +nsp

0

(R, . 2
ng ) = arg min {|3JSRT —V EshSR,,pm| }
PmE{P1,P2,.-.. PN }
| R67) =g (5) () _ [Malxr,) it g, =2
te 0 if IDp, #&J)

0
M
YRD = Z (\/ER hR, DTy )> +nRD

r=1

S. Narayanan, M. Di Renzo, F. Graziosi, and H. Haas, “Distributed Spatial Modulation for Relay
Networks”, IEEE VTC-Fall, Sep. 2013 (submitted). 324
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Optimal (Error-Aware) Demodulator

(D) (D) (D)} _ (ﬂ| ff'ﬂ (H] (I} (D) [}'_J"J
[xS .xH1 ._xnz] = arg max {‘P{[ywu y:m]l?{( *31 s Rq )} {H( xRL . Rg )}}

) 2
=P Epn. 1y, x':IEr\"E{Ul_N} x'};TJE{{].lJ\.'}

iy

2
|y5” — VEshspMs (xy-:']')l
- J.n'!r{]

P { lusp,yrp]|H (:-:E.;”:' 'Ei:‘::' 'E,.:i:')} = exp

yro — (VEr by 0Me (x5 ) + ErghryoMe (x32)) )|

J.mr D

X exp

1-Q (\/2 |hsr,.|* {ESXNU}) if (xgh =r—1 and x“h = I\,) or (ng.ij “£r—1 and x'E,”] _ "'u)

( (D (n])
WshR. [ Xg Rf
Q (\/2 lhsn, |? (ESXN(]Q otherwise

S. Narayanan, M. Di Renzo, F. Graziosi, and H. Haas, “Distributed Spatial Modulation for Relay
Networks”, IEEE VTC-Fall, Sep. 2013 (submitted). 325
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ASEP

10

0

- : - | —#*— DSM-Source (Monte Carlo)
IS - | —&— DSM-Relay1 (Monte Carlo)
A N 5 ~— DSM-Relay2 (Monte Carlo)

[ Diversity order of the source is 2

-------- DSM-Source (Upper-Bound)

(
(
(
DSM-Source (Lower-Bound)
(
(

......................................................................

.....................................................................

(analytically proved)

----- DSM-Source (Upper-Bound) = Num.|

0

5 10 15 20 25
E, /N, [dB]

30
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10° a . - ! -
- (E,/N,)2: [ ——Dsm maP)
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N S v 5 -0 SPM (Y2 = 0.10)
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10 F Dual-Hop - RepCodj
2 | NC-XOR |
% \ Single-Hop |
10_3 _______________________ MoLoNU B i e U N \\‘\_.
(E/Ny) o '
& :
10_45_ """""""""""""""" e L xELh """ """""""
i : %\E
i h NE \:\.H
10_5 i i i I G | EJ\
0 4] 10 15 20 25 30

E, /N, [dB]

SPM
YRD — ’\/EthRlD (\/1 — "293?}3 (XRI) -I—"‘/ims ( (R ))) + NRD
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10 F I T T T
F5, -2 )
C - (Eb"rND] : :
. ) =1
N fﬁ : {Ebﬁﬂn}
160 AR ﬁfar :
10 iy o

—%— DSM (MAP)
~— DSM (SubOpt)
DSM-RelaySel (MAP)

| —5— sPM (= 0.05

( )
- SPM {«,2 0.10)
E )

—O—- SPM ’r =0.20
| = 8 — SPM (y* = 0.30)

Dual-Hop - RepCod
NC-XOR

ASEP

Single—Hop

10 e A N T g B T \
Z e}
1[}_45 ..........................
i : AN =N
e : B o
10 sl
0 5 10 15 20 25 30
EbeU [dE]
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Decode-and-Forward (DF) Non-Orthogonal Relaying

Iy | Relay 1
| T2 | Relay 2
. Listening Phase
g1
A I'm | Relay m

Source Destination
Node Relayed Information Node

Y. Yang and S. Aissa, "Information-Guided Transmission in Decode-and-Forward Relaying Systems:
Spatial Exploitation and Throughput Enhancement", IEEE Trans. Wireless Commun., vol. 10, no. 7, pp.
2341-2351, July 2011. 329
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Decode-and-Forward (DF) Non-Orthogonal Relaying

Relay 1 Relaying Phase

- X =[xy, X.]: received from the source
Relay 2 - x4 spatial-constellation diagram

- x_: signal-constellation diagram
Relay m

.. (Cgrer)
fu e

Relay M | Xg [-=>-- k

Source Non-Relaved In . Destination
Node on-mne aye nrormation Node

Y. Yang and S. Aissa, "Information-Guided Transmission in Decode-and-Forward Relaying Systems:
Spatial Exploitation and Throughput Enhancement", IEEE Trans. Wireless Commun., vol. 10, no. 7, pp.
2341-2351, July 2011. 330



Relay-Aided SM (22/24)
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B 10

Capacity complementary cumulative
distribution function (CCDF)
comparison among:

- The general IGT scheme

(general IGT),

- The specific IGT case with single-
relay selection (SR-IGT)

- The benchmark in [¥]

- (a) M = 2 relay nodes

- (b) M = 4 relay nodes

[*] K. Azarian, H. E1 Gamal, and P.
Schniter, “On the achievable
diversity-multiplexing tradeoff in
half-duplex cooperative channeis,”
IEEE Trans. Inf. Theory, vol. 51, no.
12, pp. 4152-4172, Dec. 2005.

331



Relay-Aided SM (23/24)

E 1 1 I 1 I 1
=¥ general IGT (M=2)

— 5 SR-IGT (M=2) :,
% =% benchmark (M=2) 8
: -&-general IGT (M=4) Lt
ERl SR-IGT (M=4) T |
= @ benchmark (M=4) | " == 1
~ -
T 3r ]
%]
§ %%%%%
© 2r - |
&= y
S ‘4“‘(‘45
L gy -

D 1 1 ] 1 ] 1

0 3 6 9 12 15 18 21

SNR [dB]

Fig. 6. FErgodic capacity vs. SINR comparisons among the general IGT
scheme (general IGT). the specific IGT case with single-relay selection (3R-

IGT). and the benchmark.
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SM in Heterogeneous Cellular Networks (1/21)

&

Indoor - Femtocell *

- Cuverage area of Macrocell

Indoor - Femtocell ‘ - Coverage area of Microcell
@ - Coverage area of Picocell
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O Heterogeneous cellular systems are networks with different types of
cells providing different QoS requirements to the users, which coexist
and contend the wireless medium (macro, pico, femto, relays, DAEs,
cognitive radios, etc.)

Q Thus, interference should be properly managed and/or exploited for
reliable communications and energy efficiency

Overlaid multi-tier heterogeneous scenario

_— v /:H\'\
= P

Macro

336
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...what cellular will migrate to (Prof. Jeff Andrews, UT Austin)...

00} S||20021d /M 007

~ Zoom w/ femtocells
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O Conventional approaches for the analysis and design
(heterogeneous) cellular networks (abstraction models) are:

» The Wyner model
» The single-cell interfering model

» The regular hexagonal or square grid model

d However, these abstraction models:
» Are over-simplistic and/or inaccurate
» Require intensive numerical simulations and/or integrations
> Provide information only for specific BSs deployments

» No closed-form solutions and/or insights

of

J. G. Andrews, F. Baccelli, and R. K. Ganti, “A Tractable Approach to Coverage and Rate in Cellular

Networks”, IEEE Trans. Commun., vol. 59, no. 11, pp. 3122-3134, Nov. 2011.

M. Di Renzo, C. Merola, A. Guidotti, F. Santucci, and G. E. Corazza, “Error Performance of Multi—
Antenna Receivers in a Poisson Field of Interferers — A Stochastic Geometry Approach”, IEEE Trans.

Commun., to appear.

M. Di Renzo, A. Guidotti, and G. E. Corazza, “Average Rate of Downlink Heterogeneous Cellular
Networks over Generalized Fading Channels — A Stochastic Geometry Approach”, IEEE Trans. Commun.,

Novw. 2012 (accepted with minor revision).
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An Emerging (Tractable) Approach

d RANDOM SPATIAL MODEL for Heterogeneous Cellular
Networks (HCNs):

> K-tier network with BS locations modeled as independent marked
Poisson Point Processes (PPPs)

» PPP model is surprisingly good for 1-tier as well (macro BSs):
lower bound to reality and trends still hold

> PPP makes even more sense for HCNs due to less regular BSs
placements for lower tiers (femto, etc.)

Stochastic Geometry
emerges as an effective tool for
analysis, design, and optimization
of HCNss
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How It Works (Downlink — 1-tier)

A

@ P:robe mobile terminal

A PPP-distributed macro base station 340
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How It Works (Downlink — 1-tier)

A
A A A A N
-~ A

A “TA Y

A /' Useful link

9

A A A A A

A A

A

@ P:robe mobile terminal

A PPP-distributed macro base station
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How It Works (Downlink — 1-tier)

[ A
A 4 4
A
Useful lirik\ A
A A |: A \\\ A
\\ . \\’ >
A A I : 4
A
A A A
A
@ P:robe mobile terminal

A PPP-distributed macro base station 342
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How It Works (Downlink — 1-tier)

t A
A A N a
A L A
A A
A . A
@ >
\\. \\\Useful link
A "\ \
A A LA A
~_"/ A
@ P:robe mobile terminal A

A PPP-distributed macro base station 343
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How It Works (Downlink — 2-tier)

Received power from picoBS - Received power

————__~~  from macro BS
+ Bias factor (=0) ~~ _
. —, -~
Received power __ ~<
n T - T
from pico BS S~ 7 - -
o =

Macro BS

Received power from pico BS Received power from pico BS + Bias factor
> Received power from macro BS > Received power from macro BS

J. G. Andrews et al., “Heterogeneous Cellular Networks with Flexible Cell Association: A Comprehensive
Downlink SINR Analysis”, IEEE Trans. Wireless Commun., vol. 11, no. 10, pp. 3484-3495, Oct. 2012.
M. Di Renzo, A. Guidotti, and G. E. Corazza, “Average Rate of Downlink Heterogeneous Cellular

Networks over Generalized Fading Channels — A Stochastic Geometry Approach”, IEEE Trans. Commun.,
Nov. 2012 (accepted with minor revision). 344
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Worldwide Base Station Locations Available via OpenCellID

Base station
distribution

in Taipei City,
Taiwan, shown
on Google Map.
Blue D’s are
the locations of
base stations

C.—H. Lee, C.-Y. Shihet, and Y.-S. Chen, “Stochastic geometry based models for modeling cellular
networks in urban areas”, Springer Wireless Netw., 10 pages, Oct. 2012.

Open source project OpenCellID: http:/ /www.opencellid.org/ 345
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PPP better than (or same accuracy as) Hexagonal

_.

" 5 . | ==#==Hong Kong

, , X" g Taipei
NN . _ | ==e=Tokyo

0.8 . . . | =@ =PPP

0.7 _ : ----- I--Hexalgnnal

0.9
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Coverage probability

] SNSRI O SPPR AP

0.1

ﬂ i i i
-20 -15 -10 -5 0 5 10 15 20

SINR Threshold (dB)

C.—H. Lee, C.-Y. Shihet, and Y.-S. Chen, “Stochastic geometry based models for modeling cellular
networks in urban areas”, Springer Wireless Netw., 10 pages, Oct. 2012.
Open source project OpenCellID: http://www.opencellid.org/ 346
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PPP better than (or same accuracy as) Hexagonal
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C.—H. Lee, C.-Y. Shihet, and Y.-S. Chen, “Stochastic geometry based models for modeling cellular
networks in urban areas”, Springer Wireless Netw., 10 pages, Oct. 2012.
Open source project OpenCellID: http://www.opencellid.org/
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PPP better than (or same accuracy as) Hexagonal
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C.—H. Lee, C.-Y. Shihet, and Y.-S. Chen, “Stochastic geometry based models for modeling cellular
networks in urban areas”, Springer Wireless Netw., 10 pages, Oct. 2012.

Open source project OpenCellID: http://www.opencellid.org/ 348
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PPP better than (or same accuracy as) Hexagonal
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C.—H. Lee, C.-Y. Shihet, and Y.-S. Chen, “Stochastic geometry based models for modeling cellular
networks in urban areas”, Springer Wireless Netw., 10 pages, Oct. 2012.
Open source project OpenCellID: http://www.opencellid.org/ 349
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Preliminary Reference Scenario

/! A

Useful link (SM)

A Interfering link
(QAM/PSK/SSK/SM)

A
A
A A 4 A

‘ Probe mobile terminal

A\ PPP-distributed interfering lower-tier (e.g., femto) base stations

A Tagged macro base station at a fixed distance = cell association is neglected 350
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A Key Result from Stochastic Geometry and PPP Theory

A, \ U+2Re{A N}+2Re{A Taoo |

Decmon ~
Metric Useful AWGN Aggregate

Signal Interference

0

Z_i _ _
AGG — Z (d_b'j = Lo = B|1/26| ~Sad (al — 2/b| :7/|)

e

e
~S(1/b 1,cos™ (7/2b, )

Mg, ($)=Eq, {exp(-sB, ) = exp(—sl/b' )

)=E
G, ~CN (0,45 )

N
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Equivalent AWGN Channel

A A, \ U+2Re{A N}+2Re{A;(B}/zé, )}

Dec1510n ' a ~
Metric Useful AWGN Aggregate
Signal Interference
Equivalent AWGN

conditioning upon B,

0

STEP 1: The frameworks developed without interference can be
applied by conditioning upon B,

STEP 2: The conditioning can be removed either numerically
\_ or analytically (preferred) )
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The Bottom Line

O Closed-form results in STEP 1 can be obtained from:

> M. Di Renzo and H. Haas, “Bit Error Probability of Spatial Modulation (SM-)
MIMO over Generalized Fading Channels”, IEEE Trans. Veh. Technol., Vol. 61,
No. 3, pp. 1124-1144, Mar. 2012.

ABEP(B, )< ABEP,, (B, )+ABEP, .. (B,)+ABEP, (B,)

joint

d The average over B; in STEP 2 can be computed using (e.g., for
Nakagami-m fading):

» M. Di Renzo, C. Merola, A. Guidotti, F. Santucci, and G. E. Corazza, “Error
Performance of Multi—Antenna Receivers in a Poisson Field of Interferers — A
Stochastic Geometry Approach”, IEEE Trans. Commun., to appear.

J (r;ﬁ:-a{-‘!p:ﬂp) =J (vp)

o (p) \ oA
- / B, {1+ —Br_ oo
Jo ! sin? (w)
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Preliminary Results (SSK, N, =2, =103, E; = E))

100 r T T ]
- —+ — Simulation |
—©&— Model

The Union-Bound is not

\\*\S , very accurate for high-SNR

. e wﬂ i A better bound is needed
-~ - -~ -~~~ """ " "7"7>"7>"7>"/>">">"”>"/"""/"”7"/"-""” [ U A == ﬁ*’fr{:;

ABEP
H
o
Il 1l ‘ Il
e
1
|

0 5 10 15 20 25 30 35 40 45 50
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M. Di Renzo and H. Haas, “Stochastic Geometry Analysis of Spatial Modulation MIMO for

Heterogeneous Cellular Networks”, in progress. 354
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Preliminary Results (SSK, A =10, Eq = E))

10 T T T T T T T a1
- | | | —+ — Simulation |-
—<— Model

Multi-antenna receivers

7777777777777777777777777777777777777 E can only in part reduce the
impact of network
interference

ABEP
|
|

The error-floor is almost
> the same =2 This is

oo different from the setup
——e———— : .
s with fixed interferers
An interference-aware
; ; demodulator/precoder
10* w | i i w w i i w | would be helpful
0 5 10 15 20 25 30 35 40 45 50

Es/NO [dB]

M. Di Renzo and H. Haas, “Stochastic Geometry Analysis of Spatial Modulation MIMO for

Heterogeneous Cellular Networks”, in progress. 355



Outline

A S AR A o D

_ = = =
w b = O

WS
'y

p—
un

. SM for Visible Light Communications

_ = =
® X

356



ions (1/13)

cat

SM for Visible Light Communi




SM for Visible Light Communications (2/13)

~ ~ ~
. . »
active braking -
message




SM for Visible Light Communications (3/13)

HOW IT WORKS

An overhead lamp fitted with an LED
with signal-processing technology (below)
streams data embedded in its beam at
ultra-high speeds to the photo-detector. A
receiver dongle then converts the tiny changes
in amplitude into an electrical signal, which is
then converted back into a data stream and
STREAMING CONTENT transmitted to a computer or mobile device.
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and regulation

Attribute RF wireless Optical Wireless

Link margin Excellent, due to co- Poor due to incoherent
herent detection and detection at receiver
NOISE Processes and noise mechanisms

[ Signal Typical propagation Confined by internal

confinement loss through walls: spaces
1dB/em

Regulation Subject to licensing Subject to eye safety

regulation, currently
no licensing

Availability of

Limited and expensive

1000s of THz of spec-

spectrum trum available
Ability to control | Challenging owing to High degree of con-
radiation patterns | constraints on antenna | trol using lenses and
size in most appliances | diffractive elements
Propagation Scattering/reflection Ray propagation al-
and diffraction create lows very tight con-
broad area coverage finement of radiation
Interface with Need optoelectronic Possibility of using
fixed network interface of directed light from fiber Frequency/Hz

RF to connect with
fibre network

network to create
transparent interface

0 3x101® 3x10%! 4x10%4

Radio | Micro- | Infra-
waves | red

7.9x101 3x10%6 3x10%

Ultra- X-rays |Gamma
violet Rays

>

St . Y

l— x ~10,000 —T

L. Hanzo, H. Haas, S. Imre, D. C. O'Brien, M. Rupp, L. Gyongyosi, '"Wireless Myths, Realities, and
Futures: From 3G/4G to Optical and Quantum Wireless", Proc. of the IEEE, pp. 1853-1888, May 2012, 360
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Input bits

..0101/0010|11 00|11 10

-

00 = TX,
01 = TX,
11 = TX,
10 = TX,

00 =+ I
01 =+ I,
11 = I,
10 = 1,

T. Fath, M. Di Renzo, and H. Haas, “On the Performance of Space Shift Keying for Optical Wireless
Communications,” IEEE Globecom - Workshop on Optical Wireless Communications, Dec. 2011. 361
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Optical Wireless Setup and Channel

= IX ——
L — I 7
!
!
—I,bil /

|

r |

!

o/
"'"R};_L

(k+1)A ko ..
: cos pcosyy 0 < < Wi
h = 27 d? ¢ ¢ T Vo= 2 D, , = 15°: Tx semi-angle
0 > W ¥, , = 15°: Rx semi-angle
1/2 g
—In(2) ° A = 1cm?: receiver detector area

In(cos @ %)

T. Fath, M. Di Renzo, and H. Haas, “On the Performance of Space Shift Keying for Optical Wireless

Communications,” IEEE Globecom - Workshop on Optical Wireless Communications, Dec. 2011.
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BER

N, = 8, Rate = 5 bpcu
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N, = N, = 4, Rate = 4 bpcu
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T. Fath and H. Haas, “Performance Comparison of MIMO Techniques for Optical Wireless
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N, = N, = 4, Rate = 8 bpcu
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GSSK —-VLC transmitter developed by the startup PureVLC
http:/ /purevlc.com/ 369
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Experimental Evaluation of SM (1/31)

d Performance assessment via channel measurements
» Utrban scenario (Bristol/UK) @ 2GHz carrier frequency

In—>

MIMO channel sounder Post-processing

O Testbed implementation (NI-PXIe-1075 @ Heriot-Watt Univ. / UK)
» Laboratory environment: 2x2 MIMO @ 2.3GHz carrier frequency

PXle-Tx

Ground 371



Experimental Evaluation of SM (2/31)

Channel Measurements

Area 4 Eve Hospital
& Busg Station
O MIMO channel measurements Egﬁ’rillgg 2
are taken around the center of »a S ,_; L%y, 2 -
Bristol city (UK), wusing a [/ZRERNC A0 UL et A0 e
MEDAV RUSK channel sounder /s S2h: U R aEGER ™ Ve SR e

d The setup consists of a 4X4

MIMO, with 20 MHz bandwidth
centered at 2 GHz

Arca 1 Broadmead

gLl 3
B BTl

O The transmitter consists of a pair
of dual polarized (*45°) Racal
Xp651772 antennas separated by For = EE e
2m itioned buildi e ORp Mg /)

, positioned atop a building, w7 Fa el

‘i N AR
providing elevated coverage of %h =

o

central business and commmercial

~ aawadva RIS aAsdiSOUOY Levaa NS aamaaa ~ adva

. . . . , Area 2o Victona Strest &
districts of Bristol City ﬁ;ef' EEQ?ZEQ:'S’[S?:UEE{E' Knights Templar
aterfron ity Centre

A. Younis, W. Thompson, M. Di Renzo, C.-X. Wang, M. A. Beach, H. Haas, and P. M. Grant, ""Performance
of Spatial Modulation over Correlated and Uncorrelated Urban Channel Measurements", submitted. 372



Experimental Evaluation of SM (3/31)

Channel Measurements

d At the receiver, two different receiver
devices are used, both equipped with
four antennas:

> A reference headset, which is based
on 4-dipoles mounted on a cycle
helmet, thus avoiding  any
shadowing by the user

> A laptop , which is equipped with 4
Printed Inverted F Antennas (PIFA)
fitted inside the back of the display
panel

A. Younis, W. Thompson, M. Di Renzo, C.-X. Wang, M. A. Beach, H. Haas, and P. M. Grant, ""Performance
of Spatial Modulation over Correlated and Uncorrelated Urban Channel Measurements", submitted. 373



Experimental Evaluation of SM (4/31)

Channel Measurements

U

58 measurement locations are chosen around the city

U

At each location the user walked, holding the laptop in front of him
and the reference device on his head, in a straight line roughly 6 m
long, until 4096 channel snapshots were recorded

0 A second measurement is then taken with the user walking a second
path perpendicular to the first

1 As the measurement speed is significantly faster than the coherence
time of the channel, the measurements are averaged in groups of
four to reduce measurement noise

[ One set of measurement results with the laptop and reference device,
and a second set of only the reference device measurements taken at

the same locations, but on different days

A. Younis, W. Thompson, M. Di Renzo, C.-X. Wang, M. A. Beach, H. Haas, and P. M. Grant, '"Performance
of Spatial Modulation over Correlated and Uncorrelated Urban Channel Measurements', submitted. 374



Experimental Evaluation of SM (5/31)

Channel Measurements

O This provides a total of 348 different measurement sets, each
containing 1024 snapshots of a 4X4 MIMO channel, with 128
frequency bins spanning the 20 MHz bandwidth

[ As the simulations are carried out using flat fading channels, a single
frequency bin centered around 2 GHz, is chosen from each
measurement snapshot to create the narrowband channel

d Two MIMUO test cases are investigated:
> “Small-scale” MIMO, which are the original 4x4 channel measurements

> “Large-scale” MIMO, where, by manipulating the original
measurements, larger virtual MIMO systems are created

A. Younis, W. Thompson, M. Di Renzo, C.-X. Wang, M. A. Beach, H. Haas, and P. M. Grant, '"Performance
of Spatial Modulation over Correlated and Uncorrelated Urban Channel Measurements", submitted. 375



Experimental Evaluation of SM (6/31)

Small-Scale MIMO

O For small-scale MIMO, locations whose channel taps experienced
Rayleigh fading are used

[ The chi-squared goodness of fit test, with a significance level of 1%,
is used to identify Rayleigh fading channels

0 20 out of the 348 measurement sets (each containing 1024 snapshots),
fulfilled this requirtement and are kept for further processing

O For each location the transmit and receive correlation matrices are
estimated, then the decay of the correlation, based on the antenna
indices, is fitted to an exponential decay model (y is the correlation
decay coefficient):

—

1 exp(—v) exp(—2v) exp(—37) ]

R — exp (— 1 exp (—vy) exp(—2v)

| exp(— 2FJ exp (—7) 1 exp (—7)
| exp(—3v) exp(—29) p(—) 1 |

A. Younis, W. Thompson, M. Di Renzo, C.-X. Wang, M. A. Beach, H. Haas, and P. M. Grant, '"Performance
of Spatial Modulation over Correlated and Uncorrelated Urban Channel Measurements'', submitted. 376



Experimental Evaluation of SM (7/31)

Small-Scale MIMO

1 Correlated channels:

» Two measurement sets with the lowest mean square error between the
model and the actual correlation matrices are retained. Both of them are
from the laptop device

» The measured decay coefficients for the transmitter and receiver are 0.41
and 0.99 for the first channel and 0.36 and 0.75 for the second channel,
respectively

d Uncorrelated channels:

> The two measurement sets with the lowest average correlation
coefficient are kept

> One is from the laptop and the other from the reference device

A. Younis, W. Thompson, M. Di Renzo, C.-X. Wang, M. A. Beach, H. Haas, and P. M. Grant, '"Performance
of Spatial Modulation over Correlated and Uncorrelated Urban Channel Measurements", submitted. 377



Experimental Evaluation of SM (8/31)

Large-Scale MIMO

O The following post-processing steps are used to create the large-scale
channel measurements from the original channel measurements:

1) The original channels are reversed, such that the mobile
terminal becomes the transmitting device

2) One channel from each snapshot is kept to form a transmitter of
the virtual array. This results in a virtual array with 1024
elements

3) To reduce the correlation between adjacent channels, only 256
elements are kept using a down-sampling factor of 4

4) Only the locations passing the chi-squared goodness of fit test
for the Rayleigh fading distribution are kept

A. Younis, W. Thompson, M. Di Renzo, C.-X. Wang, M. A. Beach, H. Haas, and P. M. Grant, '"Performance
of Spatial Modulation over Correlated and Uncorrelated Urban Channel Measurements", submitted. 378



Experimental Evaluation of SM (9/31)

1st un—-correlated channel . 2nd un—correlated channel
L[ T —— : 10 —mm—mmmmm— :
& m—— SV — Experimental | & SV — Experimental |
2] = @ = SM — Simulation | ] = @=SM - Simulation |

& |l SM - Analytical 1 1 B SM - Analytical

Bit Error Ratio
Bit Error Ratio

SNR (dB) SNR (dB)

Fig. 1. ABER versus the SNR for SM over an uncorrelated channel. m = 4,
Nt = Nr = 4. 379
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Bit Error Ratio
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Experimental Evaluation of SM (11/31)
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Experimental Evaluation of SM (12/31)

1st correlated channel . 2nd correlated channel

10°
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—
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Bit Error Ratio

10
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SNR (dB) SNR (dB)

Fig. 4. ABER versus the SNR for SM and SMX over a correlated channel.
m=4. Ny = Nr = 4. 382



Experimental Evaluation of SM (13/31)
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Experimental Evaluation of SM (14/31)

Indoor Testbed
Software Hardware Software
Binary Channel Binary
Data Tx1 Rx1 Data
ha

* g?ha_.z‘i_: — :; *Y A

DSP-Tx PXleTx [ o ." = pPxie-Rx > DSP-Rx

= N2, El
N N
h.2)

Rx2

Y

0 The binary data to be broadcast is first passed through the digital signal processing
algorithm at the transmitter (DSP-Tx)

O The processed data is then passed to the physical transmitter on the National Instruments
(NI)-PXIe chassis (PXIe-Tx)

OQ Each transmit antenna (“Tx1’ and ‘T'x2’) is then activated according to the SM principle at
a carrier frequency of 2.3 GHz

O The receiver then detects and processes the radio frequency (RF) signal in PXIe—Rx.
Lastly, the receive side digital signal processing algorithm (DSP—-Rx) recovers the original
data stream

N. Serafimovski, A. Younis, R. Mesleh, P. Chambers, M. Di Renzo, C.-X. Wang, P. M. Grant, M. A. Beach,

and H. Haas, "Practical Implementation of Spatial Modulation", IEEE Trans. Veh. Technol., under
second revision. 384



Experimental Evaluation of SM (15/31)

DSP-Tx

Sync and SNR ——

Tuning .
Signal ™ <
Power A

Up Sampling and
Filtering
A

Pilot and Zero
Padding
A
SM Modulation
A
Framing
A

Binary Data

Fig. 3

Binary file for Tx1

.

Binary file from Rx1

Wireless Channel and
Hardware Influences

—

Binary file for Tx2

g. 3. Binary data encoder (DSP-Tx) and decoder (DSP-Rx) algonithms for SM.

DSP-Rx

—# Synchronisation "
Y
SNR Callc:ulatian
Y
Extract Frames

Binary file from Rx2
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Down Sampling and
Filtering

Frequency Offset
Correction

Channel
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Experimental Evaluation of SM (16/31)

Antenna Spacing (Line-of-Sight Scenario)

PXle-Tx

Ground

Fig. 4. Physical experimental layout: A pair of receive and a pair of transmit antennas are set 2.2 m apart from each other
with a direct line of sight. Each pair of antennas is 1.5 m from the ground and there i1s a 10 cm spacing between the antennas

in a pair corresponding to 0.77 times the wavelength at 2.3 GHz. All antennas are ommidirectional.
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Experimental Evaluation of SM (17/31)

O 0O O

Digital Signal Processing for Transmission (DSP-TXx)

The binary data is first split into information segments of appropriate size
The information data in each segment is then modulated using SM

A pilot signal used for channel estimation is then added, along with a frequency
offset estimation section

In addition, zero-padding is performed which permits up-sampling of the data while
maintaining the same signal power. The up-sampling ratio is set to four and the up-
sampled data is then passed through a root raised cosine (RRC) finite impulse
response (FIR) filter with 40 taps and a roll-off factor of 0.75. A large roll-off factor
and a long tap-delay are necessary to ensure that the power is focused in a short
time, i.e., ensure that only a single RF chain is active

The resulting vector is multiplied with a factor labelled ‘Tuning Signal Power’ to
obtain the desired transmit power for the information sequence

Frames are created such that the frame length multiplied by the sampling rate is less

f]*\ah f]f\n nn]«nfnhnn f;mn n{-‘ f]f\n f‘]’\f)ﬂﬂnl 11711%(\]"\ 1.0 f‘T‘l’\;f‘ﬂ]l‘T ~ 7 meg {-‘nf n Qfﬂf;nﬂfji“T
LAl L LALGS CVUILLGVG ANV LIV G LCALLIN. UL LLAIN ViliAllilliin i VViI1lGw 1l 1O L)’tl].\/ul_l.)’ /4 ALAIO AUVUL (2] DLuLLU.l.I.uL)’

indoor environment. This ensures that all channel estimations at the receiver are
valid for the frame duration
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Experimental Evaluation of SM (18/31)

Digital Signal Processing for Transmission (DSP-TXx)

O A frame includes the frequency offset estimation sequence, the pilot and up-sampled
data sequences, as shown below:

400{:] L T T T T T T _l
| Filot and . i
3500 Frequency fosetl - Information Data
* - o
3000¢ : 1 -The I16 data format is used, which is

a signed 16 bit representation of an
integer number
- Each frame has at most 26100 samples

Amplitude (116)
- [ [
N (=] n
= =2 =2
= = =

26100 samples

10001 -r-——

4 4.05 4.1 415 42 4.25 43

MNumber of Samples « 105

O The ‘Data section’ is formed from a series of concatenated frames
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Experimental Evaluation of SM (19/31)

Digital Signal Processing for Transmission (DSP-TXx)

O In particular, the differences between the amplitude of the ‘Pilot and Frequency
Offset’ estimation section and the amplitude of the ‘Information Data’ is clearly

Amplitude (116)

o
o

rI
T

—
n
T

[y
T

O
o

o

observable in the figure below:

x 10

X: 3939

1=

Y:3.277e+04

D/Synchronization section

SNR section Data section

- | g—

0

X: 3.84€+05
1Y: 2896

5 10
Number of Samples

15

x 10

5

- The synchronization, SNR estimation
and data sections are shown

- There is approximately a 21.1 dB
difference between the peak power in
the synchronization section and the
peak power in the SNR estimation
and data sections
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Experimental Evaluation of SM (20/31)

Transmission Hardware (PXIe—-Tx)

d NI-PXIe-1075 chassis having on-board an Intel-i7 processor operating at 1.8 GHz
with 4GB of RAM

NI PXle-1075
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Experimental Evaluation of SM (21/31)

Transmission Hardware (PXIe—-Tx)

QO NI-PXIe-5450 I/Q Signal Generator

>

V V V V V V V V

400 Mega samples (Ms)/s, 16-Bit I/Q Signal Generator
Dual-channel, differential I/Q signal generation

512 MB of deep on-board memory

16-bit resolution

400 Ms/s sampling rate per channel

10.15 dB flatness to 120 MHz with digital flatness correction
140 dBc/Hz phase noise density

—160 dBm/Hz average noise density

25 ps channel-to-channel skew

0 NI-PXIe-5652 RF Signal Generator

N
'

>
>

0 NI-PXIe-5611 intermediate frequency (IF) to carrier RF up-converter

110 AD A~ /IT s b ncn trnicn o+ 1
11V UDU/ 114 Plldbc 11UIdDC al 1

)

Ty 2010 11T, ££a
JlL14Z A4AllU 1V K

500 kHz to 6.6 GHz frequency range
Typically less than 2 ms frequency sweep tuning speed
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Experimental Evaluation of SM (22/31)

[

Transmission Hardware (PXIe—-Tx)

The NI-PXIe-5450 I/Q signal generator is fed with the transmit vector from the
binary file generated in Matlab by the encoding DSP-Tx algorithm

In particular, the NI-PXIe-5450 I/Q signal generator performs a linear mapping of
the signed 16-bit range to the output power and polarization, i.e., peak voltage
amplitude is assigned to any value equal to 215 and a linear scale of the voltage
amplitude down to zero

The output from the NI-PXIe-5450 I/Q signal generator then goes to the NI-PXIe-
5652 RF signal generator which is connected to the NI-PXle-5611 frequency
converter

The NI-PXIe-5611 outputs the analogue waveform corresponding to the binary data
at a carrier frequency of 2.3 GHz

Each antenna at the transmitter and receiver contains two quarter-wave dipoles, and
one half—wave dipole placed in the middle. All three dipoles are vertically polarized

pf)r‘]’\ anfnﬂho ]qac n hno]z n-r);-n n-p = AR; 1.1'1 flqn a*71m11f]q h]ahn 117;1-]*\ N
A JAVIL aAlllv iy 11 (> A tl\.oa.l.\ Salll JL /4 VLA L ALL LLIN. «QQLlilililiugill tllu.l..l , VY ALLL (23 § §

omnidirectional radiation pattern. The 10 cm inter-antenna separation is sufficient to
guarantee very low, if any, spatial correlation when broadcasting at 2.3 GHz with a
2.2 m separation between the transmitter and receiver
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Laboratory Setup
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Experimental Evaluation of SM (24/31)

Receiver Hardware (PXIe—Rx)

d NI-PXIe-1075 chassis having on-board an Intel-i7 processor operating at 1.8 GHz
with 4GB of RAM
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Experimental Evaluation of SM (25/31)

Receiver Hardware (PXIe—Rx)

d NI-PXIe-5652 on-board reference clock

0 NI-PXIe-5622 16-Bit Digitizer (I16)
> 150 Ms/s real-time sampling

» 3 to 250 MHz band in direct path mode, or 50 MHz bandwidth centered at 187.5
MHz

O NI-PXIe-5601 RF down-converter

(I

The receiving antennas are the same as those used for transmission

(I

The NIPXIe-5601 RF down-converter is used to detect the analogue RF signal from
the antennas

d The signal is then sent to the NI-PXIe-5622 IF digitizer, which applies its own
bandpass filter with a real flat bandwidth equal to 0.4XSampleRate. The sampling
rate in the experiment is 10 Ms/s which results in a real flat bandwidth of 4 MHz

0 The NI-PXIe-5622 digitizer is synchronized with the NI-PXIe-5652 on-board
reference clock and writes the received binary files

[ The recorded binary files are then processed according to ‘DSP-Rx’
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Experimental Evaluation of SM (26/31)

Digital Signal Processing for Reception (DSP-Rx)

d The binary files recorded by the NI-PXIe-5622 digitizer on the PXIe—Rx are
converted to Matlab vectors

O In particular, a sample received vector detected by PXIe—Rx on Rx1 is as follows:

3500 - - - 3500
3000H 3000t
Synchronization section Synchronization section
25001 . L] 2500 ~a |
. O O | ¢ O
© =
= 2000} 1 = 2000
3 SNR g SNR
= | section Data section | = | section Data section
= 1500f 2 2 1500 — >
< < : 1
1000} : :
[ | 1
! 1
500} :

0 5 10 15 0 5 10 15
Number of Samples % 10° Number of Samples % 10°

(a) SNR = 30dB (b) SNR = 14dB 396



Experimental Evaluation of SM (27/31)

(i

(i

L O

Digital Signal Processing for Reception (DSP-Rx)

The Matlab vectors are then combined to form a received matrix

The detector first finds the beginning of the transmitted sequence by using the
synchronization sequence (based on an autocorrelation algorithm)

The SNR is then calculated using the ‘SNR section’

After the SNR for that vector has been determined, each vector is decomposed into
its underlying frames

Each frame is then down-sampled and passed through the RRC filter which
completes the matched-filtering

The frequency offset estimation, timing recovery and correction of each frame
follows and are performed using state-of-the-art algorithms

The pilot signal is then used for channel estimation

The remaining data, along with the estimated channels, is finally used to recover an
estimated binary sequence (SM maximum-likelihood demodulation )
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Experimental Evaluation of SM (28/31)

CDF P[X > X]

Wireless Channel Characterization

O
»

o O
B O

P

P b
il 2l !

PP

| =2, 2)

| —8 h{'l. ,”With K=32.3dB
| - h{’l. %) with K=31.6dB
{ —a h|:2. 1 with K=33.3dB

h with K=38.3dB

2.5
Amplitude / mV

CDFs of the channel
coefficients

Each is defined by a
Rician distribution
with a unique K-
factor

The markers denote
the measurement
points while the lines
denote the Dbest fit
approximation

398



Experimental Evaluation of SM (29/31)

The Wireline Test: RF Chain Mismatch

5.8
Amplitude / mV

(b) A coaxial cable with a loss of 10 dB 1s connected between

the transmit and receive antennas. 399



Experimental Evaluation of SM (30/31)

Results

O A stream of 10° information bits is sent per transmission to obtain the
experimental results

d The information data is put in 50, 2000 bit, frames

[ The channel is estimated at the beginning and at the end of every
frame resulting in 100 channel estimations per transmission

[ The experiment is repeated 1000 times for every SNR point
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Experimental Evaluation of SM (31/31)
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The Road Ahead — Open Research Challenges/Opportunities

0 Point-to-point SM-MIMO has been studied extensively and little
room for significant steps forwards can be expected. However, some
important aspects are still not completely understood:

» Transmit-diversity with single-RF base stations
» Precoding and CSIT

> Application to the uplink (co-located antennas)
> etc...

O Multi-user SM-MIMO and understanding the potential of SM in
cellular networks have almost been neglected so far. Here major
research opportunities can be found:

» Precoding for multi-user SM-MIMO

> Application of stochastic geometry and random matrix theory to
the analysis and the design of SM in HCN's

> (Low-complexity) Interference-aware SM-MIMO

> etc... 403



The Road Ahead — Open Research Challenges/Opportunities

Qd Distributed SM-MIMO for uplink applications is still almost
unexplored:

» Advantages and disadvantages against state-of-the-art relaying
> End-to-end achievable diversity is unknown

> Error propagation and related low-complexity receiver design

> etcC...

O Energy efficiency assessment and optimization:

» The number of RF chains vs. the total number of antennas trade-
off is still unclear

> Fair performance assessment and optimization against state-of-
the-art

> Realistic/fair comparison with massive MIMO

> etcC...

O Testbed/practical implementation and measurements... 104



Implementation Challenges of SM-MIMO

U O O

U O

U O O

[

Antenna switching at the symbol time
Switching loss characterization

Reconfigurable single-RF antenna design to create unique channel
sighatures

Bandwidth efficient finite-duration pulse shaping

Large-scale antenna-array implementation and electromagnetic
compatibility assessment

Multi-cartrier SM-MIMO
Efficient channel estimation with single-RF transmitters

Sampling time and quantization errors if orthogonal shaping filters
are used

ot
Wl e 00
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» Spatial Modulation
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» The World's First Spatial Modulation Demonstration
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