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Wireless: Some basics

Wireless spectrum
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Wireless: Some basics

Some wireless terminologies

Carrier frequency (Hertz; Hz)

Bandwidth (Hz)

Data rate (bits per second; bps)

Spectral efficiency (bps per Hz; bps/Hz)

Signaling interval (sec)

Signal-to-noise ratio (SNR)

Channel capacity (bps)

Probability of bit error

Multipath fading
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Wireless: Some basics

AWGN channel

e.g., satellite channel

Channel Error Probability (Pe) Capacity (C), bps
AWGN Pe / e�SNR C = W log(1 + SNR)

Prob. of error falls exponentially with SNR �̂

Capacity grows only logarithmically with SNR �_

Almost error-free communication possible even at -1.6 dB SNR
(i.e., even when signal level is below noise level)
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Wireless: Some basics

Multipath fading

Fading channel characterization

Variation in time
Doppler spread (BD) and coherence time (Tcoh)
BD = velocity

carrier wavelength , carrier wavelength = speed of light
carrier frequency

Tcoh / BD
�1

Slow fading: Coherence time > signaling interval (Tcoh > T )
Fast fading: Coherence time < signaling interval (Tcoh < T )

Variation in frequency
Delay spread (TD) and coherence bandwidth (Bcoh)
Bcoh / TD

�1

Frequency-flat fading: Coherence BW > Signaling BW (Bcoh > W )
Frequency-selective fading: Coherence BW < Signaling BW
(Bcoh < W )
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Wireless: Some basics

Fading channel

(a) (b)

e.g., mobile radio channel

Channel Error Probability (Pe) Capacity (C), bps
Fading Pe / SNR�1 C = W log(1 + SNR)

Prob. of error falls only linearly with SNR �_
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Wireless: Some basics

Prob. of bit error performance
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Wireless: Some basics

ISI channel

(c) (d)

e.g., mobile radio channel

Channel Error Probability (Pe) Capacity (C), bps
ISI Pe / SNR�L C = W log(1 + SNR)

Prob. of error falls with Lth power of SNR (multipath diversity) �̂
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Wireless: Some basics

SIMO channel

64-QAM

1
Tx

1

2

Rx

n
r

e.g., mobile radio channel

Channel Error Probability (Pe) Capacity (C), bps
SIMO Pe / SNR�nr C = W log(1 + SNR)

Prob. of error falls with nr th power of SNR (receive diversity) �̂
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Wireless: Some basics

MIMO channel

BPSK

1 1

2

Rx

2

Tx

nrnt

Channel Error Probability (Pe) Capacity (C), bps
MIMO Pe / SNR�nt nr C = min(nt ; nr )W log(1 + SNR)

Prob. of error falls with ntnr th power of SNR (tx & rx diversity) �̂

Capacity grows linearly with nt ; nr �̂

Large no. of antennas =) large capacity and diversity gains
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Wireless: Some basics

Prob. of bit error performance
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SISO, nt=1, nr=1, 64−QAM

SIMO, nt=1, nr=6, 64−QAM

MIMO, nt=6, nr=6, BPSK

6 bps/Hz

MIMO
spectrally efficient, reliable, power efficient
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Cellular mobile communication

Multiuser communication
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Cellular mobile communication

Multiple access

FDMA (frequency division multiple access) - 1G

TDMA (time division multiple access) - 2G

CDMA (code division multiple access) - 2G, 3G

OFDMA (orthogonal frequency division multiple access) - 4G

SDMA (Space division multiple access) - 5G

A performance measure of interest in multiple access

No. of users supported in a given system bandwidth
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Cellular mobile communication

Cellular concept

Cells, base stations, spatial reuse

Frequency reuse factor: 7
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Technologies and services in 1G to 4G

1G (AMPS)

Service Voice
Frequency band 850 MHz
Modulation Analog (FM)
Multiple access FDMA
BW per user 30 KHz

Suppose 1.25 MHz of BW is allotted
Reuse factor: 7
=) No. of users supported per cell = 1:25�106

30�103 �
1
7 � 6
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Technologies and services in 1G to 4G

2G (GSM)

Service Voice / Data
Frequency band 900 MHz / 1800 MHz
Digitally encoded voice 13 Kbps
Modulation GMSK
Multiple access TDMA
BW per TDMA carrier 200 KHz
No. of TDMA slot per carrier 8
Error correcting code Convolutional code
Equalization Yes

Suppose 1.25 MHz of BW is allotted
Reuse factor: 7
=) No. of users supported per cell = 1:25�106

200�103 � 8� 1
7 � 7

Spectral efficiency: 13� 103
�

8
200�103 � 0:5 bps/Hz
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Technologies and services in 1G to 4G

2G (CDMA)

Service Voice / Data
Frequency band 900 MHz / 1800 MHz
Digitally encoded voice (R) 9.6 Kbps
Modulation BPSK
Multiple access CDMA
BW per CDMA carrier 1.25 MHz
Chip rate (Rc) 1.2288 Mcps
Processing gain (Gp =

Rc
R ) 128

Error correcting code Convolutional code

Key features
Users transmissions overlap in both time and frequency
Users indentified using different spreading codes for different users
Reuse factor 1
Power control (to alleviate near-far effect)
RAKE receiver (achieves multipath diversity)
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Technologies and services in 1G to 4G

2G (CDMA)

No. of users in CDMA (soft capacity)

CDMA exploits voice activation (Gv ), sectorization (GA),
coding/diversity gains to increase no. of users

No. of users, K �
GpGv GA

Gf (Eb=I0)req

For typical values of Gv ;GA;Gf ; (Eb=I0)req ,

K � Gp

=) No. users supported per cell � 128

Spectral efficiency: 128�9:6�103

1:25�106 � 1 bps/Hz
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Technologies and services in 1G to 4G

3G (CDMA)

Service Voice / Data (more speed)
Frequency band 1.8 - 2.5 GHz
Data rate up to 40 Mbps
Modulation QAM
Multiple access CDMA
Bandwidth 5 MHz, 10 MHz
Processing gain Variable PG
Spectral efficiency up to 8 bps/Hz
Error correcting code Turbo code
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Technologies and services in 1G to 4G

4G (OFDMA)

Service Voice / Data (even more speed)
Frequency band 2 - 8 GHz
Data rate 100 Mbps - 600 Mbps
Modulation QAM, MIMO-OFDM
Multiple access OFDMA, SC-OFDMA
Bandwidth 40 MHz
Spectral efficiency up to 15 bps/Hz
Error correcting code Turbo code/LDPC

OFDM
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Technologies and services in 1G to 4G

Moore’s law drives wireless data rates

Source: SPAWC’2010 plenary talk slides of Dr. Gerhard Fettweis
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Technologies for 5G

Cellular evolution

Generation Frequency PHY features Data rate Spectral Eff.
band (bps/Hz)

1G 850 MHz FDMA, FM N/A N/A
2G 900 MHz, TDMA/CDMA,

1.8 GHz GMSK/QPSK, 10 Kbps < 1
FEC, PC

3G 1.8–2.5 GHz CDMA, QAM 1–40 Mbps 1–8
4G 2–8 GHz OFDMA, SC-FDMA 100 Mbps– 15

QAM, MIMO-OFDM 600 Mbps
2.5, 5 GHz large-scale MIMO

5G mm wave ? beamforming? multi-Gbps several tens
visible light? spatial modulation?
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Technologies for 5G

Increasing wireless data rates

New spectrum
increase BW (e.g., 60 GHz band, mm wavelength, 7 GHz BW)
+: unlicensed (free)
-: propagation characteristics, devices, short range, cost

Increase QAM size
-: need for high SNRs

Large-scale MIMO
+: Theory has predicted unlimited capacity
-: Practicality, complexity, cost

Dense deployments
Femtocells
+: 1000x speed up (claimed)
-: interference management, backhaul, cost
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Technologies for 5G

Large-scale MIMO systems

Larger the number of antennas, better will be the
spectral efficiency
power efficiency
reliability

Large-scale MIMO systems
Use tens to hundreds of antennas

Achieve very high spectral efficiencies in the range of
tens to hundreds of bps/Hz
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Technologies for 5G

Technological challenges

Placement of large no. of antenna elements
Feasible in moderately sized communication terminals
Use high carrier frequencies (small carrier wavelengths);
e.g., 5 GHz, 60 GHz

Compact antenna arrays

RF technologies
Multiple IF/RF transmit and receive chains
Spatial modulation

Allows use of less number of Tx RF chains than the
number of Tx antennas

Large MIMO signal processing
Signal detection, channel estimation, decoding, precoding
Channel hardening in large random matrices help
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Technologies for 5G

Channel hardening in large random matrices

Magnitude plots of HHH for different sizes of random matrix H
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Technologies for 5G

Channel hardening in large random matrices

Magnitude plots of HHH for different sizes of random matrix H
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Technologies for 5G

Channel hardening in large random matrices

Magnitude plots of HHH for different sizes of random matrix H
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Technologies for 5G

Channel hardening in large random matrices

Magnitude plots of HHH for different sizes of random matrix H
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Technologies for 5G

Simple algorithms – Good performance

Local search based signal detection
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ZF−LAS (10 x 10 MIMO)

ZF−LAS (50 x 50 MIMO)

ZF−LAS (100 x 100 MIMO)

ZF−LAS (200 x 200 MIMO)

ZF−LAS (400 x 400 MIMO)

Increasing # antennas

improves BER performance

BPSK

————————-
* K. V. Vardhan, S. K. Mohammed, A. Chockalingam, and B. S. Rajan, A low-complexity detector for large MIMO systems and

multicarrier CDMA systems, IEEE J. Sel. Areas Commun., vol. 26, no. 3, pp. 473-485, Apr. 2008.
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Technologies for 5G

US patent
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Technologies for 5G

Large-scale multiuser MIMO (Massive MIMO)

Proposed architecture for 5G

N: no. of BS antennas (hundreds)
K : no. of users (tens)
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Technologies for 5G

Massive MIMO

One Tx RF chain for each Tx antenna

Information bits carried only on modulation symbols (e.g., QAM)

A. Chockalingam ( Department of ECE, IISc ) Wireless Technologies in 5G 13 June 2014 31 / 54



Technologies for 5G

Spatial modulation for 5G

Only one Tx RF chain and multiple Tx antennas
One among the multiple Tx antennas is activated at a time
Remaining Tx antennas remain silent
Index of the active Tx antenna also conveys information bits
(log2 M + log2nt) bpcu
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Technologies for 5G

SM-MIMO versus massive MIMO

SM-MIMO outperforms massive MIMO by several dBs
for the same spectral efficiency

4 to 5 dB SNR advantage over massive MIMO
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SM−MIMO (MPD−SM),

N=64, K=16, nt=2, 4−QAM

SM−MIMO (MPD−SM),
N=128, K=16, nt=2, 4−QAM

3 bpcu per user

P. Raviteja, T. Lakshmi Narasimhan, A. Chockalingam, Multiuser SM-MIMO versus Massive MIMO: Uplink Performance
Comparison, Available online arXiv:1311.1291 [cs.IT] 6 Nov 2013.
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Technologies for 5G

Project NAVA

A large-MIMO technology demonstrator project

Goal
Demonstrate Gigabit transmission over-the-air

Joint project: IISc, DRDO, and private industry

IISc provides system design, core algorithms, and IP

Private industry: develop/manufacture main subsystems
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Technologies for 5G

NAVA

IP

Ethernet

Application
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A. Chockalingam ( Department of ECE, IISc ) Wireless Technologies in 5G 13 June 2014 35 / 54



Technologies for 5G

NAVA

System
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Technologies for 5G

NAVA

High level specifications

Parameter Value
Data rate 1 Gbps
Bandwidth 40 MHz
Spectral efficiency 25 bps/Hz
Carrier frequency 2.5 GHz
No. transmit antennas 16
No. receive antennas 20

Frequency plan

 

40 MHz 40 MHz 

Downlink Uplink 

2.475 GHz 2.725 GHz 
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Technologies for 5G

NAVA - Antenna unit

20-antenna MIMO cube at 2.5 GHz
technology: PIFA
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Technologies for 5G

NAVA - RF unit

16 Tx chains: IF: 220� 20 MHZ; RF: 2725� 20 MHz

20 Rx chains: RF: 2475� 20 MHz; IF: 140� 20 MHz
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Technologies for 5G

NAVA Baseband unit
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Technologies for 5G

NAVA - Baseband unit
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Technologies for 5G

NAVA - Digital board
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Technologies for 5G

NAVA - Digital board
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Technologies for 5G

Inside NAVA FPGAs
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Technologies for 5G

NAVA - IF board
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Technologies for 5G

NAVA - Baseband unit
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Technologies for 5G

NAVA - Baseband unit
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Technologies for 5G

NAVA terminal
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Concluding remarks

Gartner’s hype cycle

Source: Internet
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Concluding remarks

Gartner’s hype cycle

Hype cycle for Communication and Networking, 2013

Source: Internet
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Concluding remarks

Book

Released February 2014
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Concluding remarks

Book

A. Chockalingam ( Department of ECE, IISc ) Wireless Technologies in 5G 13 June 2014 52 / 54



Concluding remarks

Concluding remarks

Large-scale MIMO (Massive MIMO)
prime driver of 5G PHY

multi-gigabit transmission capability
tens of bps/Hz spectral efficiency
spatial modulation to reduce number of RF chains

Major technological bottlenecks have been cleared

Under various stages of development and testing worldwide

28 GHz and 60 GHz operation possibilities are open

India to participate in and influence 5G standardization efforts
India’s Telecom Standards body launched in Nov’2013
(TSDSI - Telecommunication Standards Development Society India)

Visible light communication (may be for beyond 5G)
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spatial modulation to reduce number of RF chains

Major technological bottlenecks have been cleared

Under various stages of development and testing worldwide

28 GHz and 60 GHz operation possibilities are open

India to participate in and influence 5G standardization efforts
India’s Telecom Standards body launched in Nov’2013
(TSDSI - Telecommunication Standards Development Society India)

Visible light communication (may be for beyond 5G)
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