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Beamforming Technique

Beamforming vs. other MIMO techniques 
(such as spatial multiplexing and code diversity)

• Directivity: most of the power of the signal to desired 
direction

• Suppression of interference in other directions 
• Extends cell coverage and increases system capacity 

by one technique ( simple transceivers)
• Multiple antennas are only required at the BS side 

(results in simple end-user devices)
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Problem Definition

Approach [1]

• Peak Spectral Efficiency (PSE)
– Defining PHY- and MAC-layer overhead
– Bases for the Cell Spectral Efficiency

• Cell Spectral Efficiency (CSE)
– Large scale IMT-Advanced channel model
– Path loss model with randomized LOS/NLOS link 

conditions

Enhancements
• Beamforming technique

Employing non-adaptive beamforming patterns 
(as defined in codebook sets by IEEE 802.16m standard)

IMT-Advanced Scenario

Analytical evaluation of the cell spectral efficiency 
in a beamforming enhanced system

[1] Daniel Bültmann, Torsten Andre, Rainer Schoenen, Analysis of 3GPP LTE-Advanced Cell Spectral Efficiency, to be published at 
PIMRC 2010
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Peak Spectral Efficiency
MAC Frame Structure of IEEE 802.16m 
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• Description of the basic frame structure specific - e.g. for channel 
BW=20MHz, CP=1/16, TDD mode

• Different downlink and uplink ratios: [DL : UL]=[8:0, 6:2, 5:3, 4:4, 3:5] 
• One MAP region in each DL subframe - indicating the resource allocation 
• UL control channels can be adapted in size and periodicity according to the 

number of users, etc.
• 2048 subcarriers and 50 OFDMA symbols are grouped in 96 physical 

resource units (PRUs) per subframe which last usually six symbols

Subframe (6/7 symbols)
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Peak Spectral Efficiency

• Peak spectral efficiency: 
all radio resources are assigned to
one error free link of a single MS

• Assumed system parameters 
– Single Input Single Output (SISO)
– Bandwidth (BW) : 20 MHz
– Cyclic prefix (CP) : 1/16
– Modulation scheme : 64-QAM
– Coding rate : 1

• Resulting overhead of approximately 22%

superframe * *

Number of data bits 1840000 bit/superframe
= = =4.6 bit/sec/Hz

T BW 20 msec  20 MHz
PSE
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• Pathloss
– Either LOS or NLOS link depending on 

probability conditional on distance d
– Random SINR depending on distances 

to all base stations

Cell Spectral Efficiency

• Definition
– Scenario net capacity per bandwidth and cell [bps/Hz/Cell]
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Cell Spectral Efficiency
Link Permutations

• Idea [1]: Compute all link permutations and determine exact mean throughput
• Link permutation defined by a binary tupel

» m = 1…M is the index for the BSs (M=57)
» k = 1…2M is the index for the link permutations

• Weight the permutation by its occurrence probability

• Mean throughput for every area element (x,y) in the evaluation area

[1] Daniel Bültmann, Torsten Andre, Rainer Schoenen, Analysis of 3GPP LTE-Advanced Cell Spectral Efficiency, to be published at PIMRC 2010
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BS antenna array Fixed beam pattern 
with 4 antenna elements

Cell Spectral Efficiency 
Including Beamforming

• Beamforming impact in receive power: 

• BS with one linear antenna array for each sector:
Apply non-adaptive beamforming 
according to codebook of IEEE 802.16m standard for 4 element antenna array 

• MS with one omni-directional antenna
• One stream between BS-MS (no SDMA)

• • •Rx tx MS BS iP (x,y) = P G G (θ,φ,bp ) PL(d)

Fixed beam pattern 
with 8 antenna elements



10/15Benedikt Wolz, ComNets

η...)bp,(dP...)bp,(dP...)bp,(dP
),(dP

)(dSINR
310LOSRx,45NLOSRx,22LOSRx,

1LOSRx,
1 ++++++
= 3bp

η...)bp,(dP...),(dP...)bp,(dP
)bp,(dP

)(dSINR
310LOSRx,5NLOSRx,22LOSRx,

21LOSRx,
1 ++++++
=

4bp η...)bp,(dP...)bp,(dP...)bp,(dP
)bp,(dP

)(dSINR
310LOSRx,35NLOSRx,22LOSRx,

21LOSRx,
1 ++++++
=

η...)bp,(dP...)bp,(dP...)bp,(dP
),(dP

)(dSINR
310LOSRx,45NLOSRx,22LOSRx,

1LOSRx,
1 ++++++
= 4bp
=

+ + + + +
Rx,LOS

10
Rx,LOS Rx,LOS 2 2 Rx,NLOS 5 4

P ( )
SINR (d )

P ( ) P (d ,bp ) ... P (d ,bp ) ... η
10 4

1 3

d ,bp

d ,bp

Cell Spectral Efficiency
Pattern Permutations

• Beam pattern:
– 3 different pattern applied
– Random SINR depending on applied 

beam pattern (bp) of all BS

• Not all permutations considered in mean throughput of a position
• Requirement within one link permutation:

– Based on maximum receive power, choose serving BS and 
beam pattern for each position

– Only if this pair is serving, permutation is considered
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Cell Spectral Efficiency 
Complexity Reduction

• Further complexity reduction
– Reduction of pattern permutation: 

only closest 7 sectors are pattern 
permuted (error analysis in [2])

• Complexity reduction
– Consider only one tier of interferers

Small impact of second tier on SINR in full load
– Evaluation of one cell in center site
– Reduce number of permutations

Assume NLOS link for non-permuted radio access points 
to derive an upper bound (corrected error analysis in [2])

• Fixed beams increase number of permutations multiplying factor of 
– 421 ≈ 4.4*1012 with 4 patterns per cell
– 821 ≈ 9.2*1018 with 8 patterns per cell

[2] Afroditi Kyrligkitsi, „Cell Spectral Efficiency of a Beamforming Enhanced 
IEEE 802.16m System“, Master Thesis, Communication Networks Research 
Group, RWTH Aachen University, 2011
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Scenario

Power Masks:
– Hard Frequency Reuse (Reuse-3)
– Uniform Frequency Reuse (Reuse-1)
– Soft Frequency Reuse

Parameters Values

Deployment 
scenario

Urban Macro

Cellular layout Hexagonal grid

Evaluated area One cell sector 
in center site

Duplex mode TDD

Channel BW 20 MHz

Carrier frequency 2 GHz

Single antenna 
element gain

17 dBi

Number of BS 
antenna elements

1 and 4

BS Tx 49 dBm

Scheduling Scheme Proportional Fair
(Round Robin 
see backup)
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Results
Spectral Efficiency - Proportional Fair

• CSE: Beamforming enhanced system outperform conventional one up to 31% with 
frequency reuse-1 scheme 

• Cell Edge User Spectral Efficiency: 
– Gains proportional to CSE gain (indicates gain uncorrelated to the radius)
– Highest gain with frequency reuse-1 (uniform reuse scheme)

• Beamforming gain with all studied scheduling- and reuse schemes

13%

31%13%

Conventional Beamforming

13%

31.5%
13%

Requirement
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Results
Throughput Map

Conventional system
Frequency reuse-1 scheme

Beamforming enhanced system
Frequency reuse-1 scheme

Beamforming increases throughput within entire cell

Throughput [bits/Symbol]Throughput [bits/Symbol]
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Conclusions & Outlook

Conclusions
• Analytical evaluation of beamforming enhanced system is feasible
• Beamforming enhanced system outperform conventional one up to 

31% in cell spectral efficiency (with proportional fair and frequency 
reuse-1 scheme)

• Beamforming gain with all studied scheduling- and reuse schemes

Future work 
• Study of coordinated beamforming
• SDMA enhancement
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Thank you for your attention!

Benedikt Wolz

bmw@comnets.rwth-aachen.de
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Backup Slides
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• CSE depends on achievable SINR; from
SINR derive possible throughput

Cell Spectral Efficiency

SINR MCS FER ARQ THR

MACL THRFERTHR ⋅−= )1(3

Table lookup and 
interpolation

BSs BSs

BSs

BSs

BSs
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Results
Spectral Efficiency – Round Robin

11%

24%

13%

11%

16%
14%

• Beamforming enhanced system outperform conventional one up to 24% for 
CSE and 16% for Cell Edge User Spectral Efficiency 
(with round robin and frequency reuse-1 scheme)

• CSE: higher values with round robin scheduling vs. proportional fair
• Beamforming gain with all studied scheduling- and reuse schemes

Conventional Beamforming
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