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Motivation
 Mobile broadband systems will be reuse-1 MIMO-OFDM

 Highly interference limited behaviour
 Interference power, profile, and statistics, could vary frame-to-frame

 Interference aware Tx, Rx techniques to maximize
 Cell avg. spectral efficiency (SE) in bits/sec/Hz/cell while ensuring a 

minimum guaranteed SE to cell-edge users is required

 Capacity of interference channels is an open problem
 Constellation constrained capacity is well understood
 Focus here is on constraints put by (a) standards, (b) practical

implementations, and (c) insufficient or mis-specified statistics

 Therefore, rather than trying to study the capacity of such VBR
systems, it is more practical to focus on:
 Average SE
 Throughput (per user, cell average)

 While ensuring “fairness” and/or latency specs
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Coded OFDM -- Downlink

IFFT Add
CP

FEC &
Mapping

FFT MIMO
Combining

Delete
CP

P/S LLR

 Nearly all new and emerging wireless standards use OFDM
 Flexibility in resource allocation
 Ability to scale with bandwidth easily

measurement on
the kth subcarrier is
y(k)=H(k)x0(k)+v(k)

If x0(k) modulates
the kth subcarrier
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Channel Model

 Assuming (nearly) perfect timing and freq. synchronisation in OFDM# downlink
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SIMO Measurement Model with CCI

 Considering SIMO OFDM downlink (any virtual antenna Tx mode)
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Linear MMSE Receiver

22
2

1

2

1
0

)]()([)]()([

bygiven  is covariance noiseceinterferen true The 

)(

)()()()()()(

modelt measuremen CCI  theRecall 


















IGGzzR

z

vGHy

v

L

i
i

H
ii

H

L

i
ii

kkEkkE

k

kkxkkxkk



  

NCC, Jan. 28-30, 2011 8

TeNeT Group
IIT Madras

KG/IITM : Reality Constrained Capacity

LMSE Receiver – contd.
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Coded OFDM -- Downlink

IFFT Add
CP

FEC &
Mapping

FFT MIMO
Combining

Delete
CP

P/S LLR
fr

eq
.

Resource
Block

or Band

CFR

Raw
SINR

(wideband
or

band-wise)

Post-Proc.
SINR

(wideband
or

band-wise)
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Problem Statement

 In frame #n : 
 pp-SINR  avg. mutual info.  modulation and coding rate that can 

be supported for frame #n

 Question : In frame #n+, if the user is scheduled
 What should be the rate that the user be assigned?
 What will be the actual rate delivered or seen by the user (after 

accounting for HARQ)?

 Part Answer : Depends on how “stable” is the interference profile
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pdf of SINR
(reuse 1/1)

pdf of SINR
(reuse 1/3)

-10dB

Avg: 9 to 12 dB

30dB

Avg: -1 to 2 dB

Freq. Reuse and SINR Distribution

Reuse 1/3

Reuse 1/1
Q: How does the SINR cdf look like?
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SINR CDF in Different Models in Het-net

 4 models for pathloss in the 
macro-pico scenario

 3 picos per macro sector
 Plot1 – Reuse-1/1
 Plot2 – Reuse-1/2
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SINR Distribution Measured
at the Geographical Cell-Edge

January 2011 13

2F
1F

GF
Moving
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate

1. Unicast or
Groupcast?
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

1. Unicast or
Groupcast?
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

3. Quality of
Covariance
Estimation

1. Unicast or
Groupcast?
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Enhanced Channel Estimation

Parametric CE
(sparse estimation)

FFT based CE

mLS based CE
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Better CE  Better LMSE Covariance  Lower BER

Performance comparison of different CE methods with “nulling”
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

3. Quality of
Covariance
Estimation

1. Unicast or
Groupcast?

4. No. of Rx
Antennas;
correlation
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

1. Unicast or
Groupcast?

4. No. of Rx
Antennas;
correlation
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

1. Unicast or
Groupcast?

6.Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

NCC, Jan. 28-30, 2011 22

TeNeT Group
IIT Madras

KG/IITM : Reality Constrained Capacity

Performance of Proportional Scheduler
(Homogeneous Network)

*Simulation with Urban Macro Scenario

As alpha increases,
more resources are given to 
Users with low throughput

alpha])[( RE
RPF metric 
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Average Cell Spectral Efficiency 
(Het-Net)

2.82

alpha = 2

5.23

alpha = 0
(Max Rate)

3.25

alpha = 1
(PF)

2.58
Average Cell Spectral 

Efficiency
(b/s/Hz/Sector)

alpha = 4

* Model 2 Case 3_1: Pico Tx power – 37dBm Bias – 6dB

3 picos/Sector

Avg Thruput reduces
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?
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Avg. SE : OL vs CL ; SU vs MU

January 2011 26
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Also, 4x2 CL is poorer 
than 2x2 CL Precoding !
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Cell Edge Spectral Efficiency

January 2011 27

Clearly, SU is better than
MU at cell-edge !
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

If the different modes cannot 
overlap, then separate

Zones have to be created!
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

10. Impact of
Zoning
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Heterogeneous Network
 Macro +

Pico RelayFemto

Closed
User

Group
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Reuse – 1 vs Reuse – ½
(Model 2: Case 3_1)

 When Macro and pico eNodeBs do 
not operate simultaneously in the 
same resource

 There are 3 to 10 picos per sector

SINR CDF improves
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Resource Sharing in Het-Nets

Resources will be divided between macro and pico, based on   
the average load seen by a pico

Macro Pico

β 1-β

Since β is a system wide parameter, some picos may not be able to serve all 
their users while some picos may have surplus resources

If M is the avg. thruput of macro/sector, P is the avg. thruput per     
pico and N is the number of picos/sector, then the thruput/sector 
will be,

T= βM + N(1-β)P
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Average Cell Spectral Efficiency

3.251.423

Average Cell Spectral 
Efficiency

(b/s/Hz/cell)

Het-Net
Model 2 Case 3_1

(3 Pico/cell)
Urban Macro

(No Pico)

* Model 2 Case 3_1: Pico Tx power – 37dBm Bias – 6dB
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

10. Impact of
Zoning

11. Impact of
Het-Nets &
Femto CUG
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

10. Impact of
Zoning

11. Impact of
Het-Nets &
Femto CUG

12. If attached to Pico,
how much bias? which 
zone? (or both zones?)
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Range Extension

 Problem
 Loss in capacity due to partition of resources

 Solution  Range Extension (or bias)
 UE attaches to a pico as long as  pico rec power + x > Macro rec power .  

‘x’ (in dB) is called the bias .

18dB3dB0dB

58.41 92.1237

Pico Tx
Power
(dBm)

49.39Model 2 Case 3_1

No of UE Attached to Pico(%)Het-net Model

Number of UEs attached to a pico increases as bias increases
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Effect of Bias  on SINR cdf

 3 picos / sector

SINR CDF degrades

Pico-Pico interference starts
increasing with increase in bias
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Effect of Bias  on loading of Picos

Histogram of No. of UE/pico for different biases

There is a large variation in the number of UEs/pico
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

10. Impact of
Zoning

11. Impact of
Het-Nets &
Femto CUG

12. If attached to Pico,
how much bias? which 
zone? (or both zones?)

13. Best band selection 
and impact of Loading 

across cells
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Fig 1.) Avg. 10 users per sector is taken to be 
full load and  50% of it is partial load.

Partial load
Full load

Partial load

Full load

Fig 2.) Avg. 30 users per sector is taken to 
be full load and 50% of it is partial load

Unequal Loading, and effect of 
Best-band (only) feedback 
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

10. Impact of
Zoning

11. Impact of
Het-Nets &
Femto CUG

12. If attached to Pico,
how much bias? which 
zone? (or both zones?)

13. Best band selection 
and impact of Loading 

across cells

14. Impact 
of Load 

Balancing

15. Impact 
of Finite
Buffer
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

10. Impact of
Zoning

11. Impact of
Het-Nets &
Femto CUG

12. If attached to Pico,
how much bias? which 
zone? (or both zones?)

13. Best band selection 
and impact of Loading 

across cells

14. Impact 
of Load 

Balancing

15. Impact 
of Finite
Buffer

16. Impact of
Advanced Tx and 
Rx Algos (COMP, 
Channel Shaping,
Robust LLR, etc)
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Fractional
Reuse

Co-op Scheduling and COMP

AB

A

C

GigE back-haul (IP)Co-operative
Scheduling

 Pragmatic Co-operation 
 At (slow) signalling level between schedulers

 eg. FFR size, or Zone size
 Sharing Complexity: PMI < CQI < CSI < Data
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OFDM Channel Shortening

 OFDM channel shortening can
 Allow large cells to be covered with high SE
 Enable COMP over macro cells

Parameter Value

BW 5 MHz

# Tx Antenna 1

# Rx Antenna 2

Over Sampling Rate 2

Channel Model Modified VB

Channel Taps 154
Cyclic prefix Length 20
CSP Order 160

Energy Out side  
Cyclic Prefix

23%
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LTE Example Intf. Alignment + Robust LLR

MMSE-IC

LLR

Turbo decoder

SIR = 0dB

SIR = 3 dB

Fr
eq

ue
nc

y

Time

MMSE-IC cannot null out the pilots since they are not precoded
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Robust LLR  Impact  on BER Performance

Modulation QPSK

Rate ½

Block length 256

Iterations 7

Channel Ped A

Gaussian LLR

Robust LLR(PGLR)

Wireless Research @ IITM 46
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Performance : Expected vs Delivered

Chosen Rate
vs

Delivered Rate2. Quality of
Channel

Estimation

5. Impact of
Fade rate –

Best Band or
Diversity Map?

3. Quality of
Covariance
Estimation

7. Open Loop or 
Closed Loop?

SU or MU?

1. Unicast or
Groupcast?

6. Impact of
Scheduling
(a) delay

(b) nature of

4. No. of Rx
Antennas;
correlation

8. If Closed Loop,
which Precoder?

Random or Codebook?
Unitary or not?

9. Which MIMO
Mode? (rank 1,2,4)
Can they Overlap?

10. Impact of
Zoning

11. Impact of
Het-Nets &
Femto CUG

12. If attached to Pico,
how much bias? which 
zone? (or both zones?)

13. Best band selection 
and impact of Loading 

across cells

14. Impact 
of Load 

Balancing

15. Impact 
of Finite
Buffer

16. Impact of
Advanced Tx and 
Rx Algos (COMP, 
Channel Shaping,
Robust LLR, etc)

17. Operate 
how close to
Target PER ?
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Summary

 Mobile broadband systems will be reuse-1 MIMO-OFDM
 Highly interference limited behaviour

 Stable measurement of interference statistics is key !
 Open-loop schemes, fixed precoders help

 However, finite buffer effects, unpredictable scheduling delay, load 
variations, etc, make interference power (and profile) fluctuate

 Welcome to new (old?) world of working with mis-specified statistics!


