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Channel State Information (CSI) 
Acquisition
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CSI Acquisition is Important to Achieve 
Interference Mitigation

CSI Acquisition is Important to Achieve 
Interference Mitigation

• Interference is a key performance bottleneck of wireless
communication

• By designing precoder / decorrelator based on CSI, interference
can be effectivelymitigated in many advanced techniques, e.g.,
– Technique of zero forcing (ZF) [Jindal, et.al. 2006]
– Technique of weighted MMSE (WMMSE) [Shi, Luo, et.al. 2011]
– Technique of Interference alignment (IA) [Cadambe, Jafar, et.al. 2008]
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Performance Gain of Interference 
Mitigation with CSI

Performance Gain of Interference 
Mitigation with CSI
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• And they also achieve dramatic performance gains:



Acquiring CSI is CostlyAcquiring CSI is Costly
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• These interference mitigation techniques usually requires the CSIs at the
transmitter CSIT , which leads to a heavy CSI acquisition overhead,
– E.g. how to acquire CSIT in FDD systems

• Phase I: Transmitter Tx sends pilot training symbols to probe the channel
on the forward channel

• Phase II: Receiver Rx estimates and feedbacks the channel information to
Tx side

Tx Rxpilot training

Tx RxCSI feedback



ImplicationImplication

1/24/2015 Xiongbin RAO 7

 Reduce the CSI acquisition cost

tradeoff analysis between the interference mitigation performance
and the CSI acquisition cost.



Outline of My Thesis ResearchOutline of My Thesis Research
Overview
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Research OutlineResearch Outline
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CSI feedback Reduction for IA
in interference network with IA 

processing
[Rao, Ruan, Lau, TSP 2013]

CSI Acquisition Design
in Point‐to‐pointmassive MIMO
[Rao, Lau, submitted to TSP 2014]

from MIMO

to Massive
MIMO

in cellular network with IA 
processing

[Rao, Lau, TSP 2014]

In Multi‐user massive MIMO
[Rao, Lau, TSP 2014]

CSI Acquisition 
Strategies



CSI Feedback Reduction for IA
Background
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Background of IABackground of IA
• Technique of interference alignment (IA)

– Basic idea: Align the interference from different Txs into a lower
dimensional subspace at the Rxs

– Performance advantage: Achieve optimal capacity scaling law
w.r.t. SNR [Cadambe, Jafar, et.al. 2008]
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IA in MIMO interference networkIA in MIMO interference network
• Network Topology

• Signal Model

• Problem Formulation
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Decorrelator Channel Precoder Transmitted signal

noise



Conventional IA ResultsConventional IA Results
• When Problem 1.1 feasible,

• There are two questions associated with Problem 1.1.
– Feasibility conditions: when will Problem 1.1 has solution ?

– Transceiver design: Given that Problem 1.1 is feasible, how to find the
solution?

• Limitations of these IA designs: at least full channel direction
information (CDI) is required.
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(answer: feasibility study in [M. Razaviyanyn, Z. Luo, et.al. 2012])

(answer: AILM in [Gomadam, Jafar, et.al. 2011])

DoF (d)

DoF
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Question: For a given data stream requirements               in 
the network, are there any approaches to reduce the CSI 
feedback overhead while still achieving IA?



Background of CSI Feedback ReductionBackground of CSI Feedback Reduction
• Note that we focus on CSI filtering only, which is different from
CSI quantization ([Rajesh T. K. et.al. 2010]).
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1In CSI filtering, only those parts of CSI that are essential to IA 
design are  selected to be fed back.

1



Literature WorksLiterature Works
• CSI feedback reduction for IA (focusing on CSI filtering)
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System ModelSystem Model

• CSI Feedback Topology

• CSI Feedback Function

• Example
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Tx Rx



CSI Feedback CostCSI Feedback Cost

• How to quantify the CSI feedback cost associated with

• First order metric of CSI feedback dimension to measure the CSI
feedback cost
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Problem FormulationProblem Formulation
•

• Three key questions associated with Problem 1.2
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Q3:	Find	transceiver	solution	under	partial	CSIT

Q2:	IA	feasible	conditions	under	partial	CSIT

Q1:	How	to	reduce	CSI	feedback	for	IA?,		i.e.,	what		is	 F_j 	

IA constraints

CSI knowledge 
constraint



Proposed Solution to Q1Proposed Solution to Q1

• Toy Example I

– Insights:
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Q1:	How	to	reduce	CSI	feedback	for	IA?,		i.e.,	what		is	 F_j 	

• Strategy I: No feedback for a 
subset of cross links

• Strategy II: feedback of null space 
for a subset of cross links.

Full CDI Proposed

138 24



Proposed Solution to Q1Proposed Solution to Q1

• Toy Example II: Strategy III

• Toy Example III: Strategy IV
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Q1:	How	to	reduce	CSI	feedback	for	IA?,		i.e.,	what		is	 F_j 	

Details of 
Example III

Details of 
Example II



Proposed Solution to Q1Proposed Solution to Q1

• CSI feedback scheme (characterized by )

– There is a 1‐1 correspondence between the feedback profile and
feedback function

• The associated feedback cost is given by (a function of )
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Q1:	How	to	reduce	CSI	feedback	for	IA?,		i.e.,	what		is	 F_j 	

Detailed expression of F 
according to L 



Proposed Solution to Q2Proposed Solution to Q2

• We then obtain sufficient conditions on to ensure that
Problem 1.2 has solutions, i.e.,
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Q2:	IA	feasible	conditions	under	partial	CSIT

Details of feasibility 
conditions



Proposed Solution to Q3Proposed Solution to Q3

• We propose a novel transceiver algorithm under the proposed
CSI feedback scheme
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Q3:	Find	transceiver	solution	under	partial	CSIT



A short summary of the resultsA short summary of the results
• Problem of IA under Partial CSIT
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Q3:	IA	transceiver	design	under	
partial	CSIT

Q2:	IA	feasible	condition	under	
partial	CSIT

A2:	We	establish	sufficient	
conditions			

A3:	Implementation	of	IA	
under	partial	CSI	 i.e.,	how	to	
find	the	transceivers	to	satisfy	

the	IA	conditions

Q1:	How	to	reduce	CSI	feedback	
for	IA?	

A1:	We	propose	a	CSI	feedback	
profile	which	contains	several		

control	parameters					.



CSI Feedback Profile DesignCSI Feedback Profile Design
• Problem formulation

The problem of reducing the CSI feedback overhead subject to a given data
steams requirement for the Tx‐Rx pairs , can be formulated as :
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1: Problem 1.3 is very challenging due the 
combinatorial nature of CSI feedback 
profile designs (     ). 

2: We propose a low‐complexity greedy 
algorithm to derive solutions. 

Min {CSI feedback Cost}

DoFs achieved



Performance‐cost Tradeoff ResultsPerformance‐cost Tradeoff Results
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[K. R.T., et.al. 2010] [Rezaee, et.al., 2013]

d



Simulation ResultsSimulation Results
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Baseline1: 
full CDI

Baseline 2:
Truncated feedback

Baseline 3: 
CSI submatrix feedback



MIMO Cellular NetworksMIMO Cellular Networks
(Thesis Chapter 4) Extension to
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System ModelSystem Model
• MIMO Cellular Network

– G base stations (BSs) and each BS serves K mobile station (MS)
– Each BS and MS have N and M antennas, respectively.
– d data streams are transmitted from the BS to each MS (Given DoF requirement).

• CSI Feedback

• Challenge
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There are both intra‐cell and inter‐cell 
interference in cellular networks, which 
makes the dependencies of IA precoders
on CSIs, very complicated.

k‐th MS of BS j



Problem FormulationProblem Formulation
• Two Stage Precoding at BS

• Problem formulation
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IA constraints

CSI knowledge constraint



Proposed SchemeProposed Scheme
• Regarding Problem 2.1, we shall answer the following questions:
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Q3:	How	to	find	transceiver	
solution	under	partial	CSIT

Q2:	IA	feasible	conditions	
under	partial	CSIT

Q1:	How	to	reduce	CSI	
feedback	for	IA?,		i.e.,	what		

is	 F_jk 	

A1:	CSI	feedback	profile				.
with	CSI	feedback	cost .

A2:	Necessary	Conditions

Sufficient	Conditions

A3:	A novel transceiver 
algorithm
‐‐‐‐Extended from AILM
‐‐‐‐Adapt to partial CSI in 
MIMO cellular network



CSI Feedback Profile DesignCSI Feedback Profile Design
• Problem formulation

– The problem of reducing the CSI feedback cost subject to a
given d data steams requirement for each MS, can be
formulated as :

– We replace (2.2) with its sufficient conditions , and propose a
low complexity achievable solution that satisfies the sufficient
conditions
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(Suff. cond)
Upper Bound



CSI Feedback Profile DesignCSI Feedback Profile Design

– We replace (2.2) with its necessary conditions and derive
an lower bound on the optimal feedback dimension

– We show that as , and hence the proposed solution
is asymptotically optimal.
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(Nece. cond)
Lower Bound



Chapter SummaryChapter Summary
• We extend the framework to achieve CSI feedback reduction for
IA from MIMO interference networks to MIMO cellular
networks.

• The framework consists of the following components:
– A set of CSI feedback reduction strategies for MIMO cellular network with
IA processing

– IA feasibility study under partial CSIT
– IA transceiver algorithm under partial CSIT

• We post the problem of CSI feedback cost minimization subject
to a given DoFs requirement, and we propose a low‐complexity
asymptotically optimal solution.
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CSI Acquisition for Massive MIMOCSI Acquisition for Massive MIMO
From MIMO to Massive MIMO
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BackgroundBackground
• Benefits of Massive MIMO (BS withmassive antennas)

• Challenge: acquiring CSIT in massive MIMO is even more difficult

• Literature review for obtaining CSIT
– Group I: Conventional (LS or MMSE) based CSIT estimation ([Biguesh, et.al. 2006]):

• The training pilots from the BS scales as O(M), where M is the number of
antennas at the BS

– Group II: Recent works based on technique of compressive sensing (CS) with
exploitation of channel sparsity in massive MIMO ([Bajwa, et.al. 2010])
• They consider one‐time static channel estimation and ignore the correlation
between channels across time.

1/24/2015 Xiongbin RAO 37

BS MSpilot training

CSI feedbackBS MS



BackgroundBackground
• Massive MIMO Channels are jointly sparse and are temporally correlated.

– Sparse due to limited local scatters at BS (e.g., [Sayeed, et.al. 2006]).
– Joint sparse due to the rich local scatterers at MS (e.g., [Hoydis, et.al. 2008]).
– Temporally correlated due to the slowly varying propagation environment
between the BS and MS.
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Target
Exploit the temporal 
correlation and adapt to 
the joint sparsity to further 
enhance the channel 
estimation performance!



System ModelSystem Model
• Point‐to‐Point Massive MIMO

– 1 BS with M (M is large) antennas and 1 MS with N antennas.

• Channel Model

• Modeling the Channel Temporal Correlation
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Statistic upper bound 
on the channel paths

 previous 
frame

current 
frame

Remark #: a larger s_c indicates a 
stronger temporal correlation between 
channels of consecutive frames

MS



System ModelSystem Model
• Channel Estimation
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T is the length of training pilots

Recovery 
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Recovery 

Question



Proposed SchemeProposed Scheme
• Reformulation as Compressive Sensing (CS) Signal Model

• Proposed Modified SP
– Modified from conventional subspace pursuit (SP, [W. Dai, et.al. 2009])
– Processing flow:

– Design Features:
• Incorporate prior support information in the support identification.
• Adapt to the joint sparsity of the source by identifying each row of as an
atomic unit.
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Measurements Measurement matrix Unknown sparse 
source Noise

Iteratively identify the 
channel support.

LS estimation



Performance AnalysisPerformance Analysis
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• Performance Result

• Implications
– A stronger temporal correlation (a larger s_c) leads to a smaller requirement of
number of training pilots T.

 previous 
frame

current 
frame



Simulation ResultsSimulation Results
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 Baseline1
SP [W. Dai, et.al. 2009]
 Baseline2
BP [Candes, et.al. 2005]
 Baseline3
Modified‐BP [Vaswani, 
et.al. 2010]
 Baseline4
MMV‐SP: modified from 
SP [W. Dai, et.al. 2009]



SummarySummary
• CSI Acquisition in Point‐to‐PointMassive MIMO

– We model the temporal correlation by considering a piece of prior
channel support information available.

– We then propose a novel scheme to enhance the channel
estimation performance by exploiting the prior channel support
information and adapting to the joint channel sparsity structure

– We obtain simple results showing that the a stronger temporal
correlation can achieve a better channel estimation performance.
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CS‐enabled CSIT Acquisition Design 
in Multi‐user Massive MIMO
CS‐enabled CSIT Acquisition Design 
in Multi‐user Massive MIMO
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BackgroundBackground
• Multi‐usermassive MIMO channels are jointly sparse

– Sparsity due to limited local scatters at BS (e.g., measurement report [Sayeed,
et.al. 2006])

– Structured sparsity (joint) due to some physical features:
• Rich local scatterers at MS
• Shared local scatterers between different MS (e.g., measurement report
[Hoydis, et.al., 2008])
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Target
Exploit not only the 
sparsity but also the 
joint sparsity among 
the user channels to 
further enhance the CSI 
acquisition efficiency!



System ModelSystem Model
• Network Topology

– 1 BS (M antennas, M is large) and K MSs (N antennas).

• Channel Model

• Assumption of Statistical Sparsity Information

1/24/2015 Xiongbin RAO 48

Zero coefficients
Non-zero coefficients

…



System ModelSystem Model

1/24/2015 Xiongbin RAO 49

1) Observation: the pilot training and feedback 
overheads both scale as the training length 
O(T). 

2) Reduce T by exploiting the joint channel 
sparsities in the user channel matrices
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Question: How to jointly recover the channel       
based on compressed measurements          ?

Recovery 



Proposed Joint CSIT RecoveryProposed Joint CSIT Recovery
• Proposed Joint‐OMP Algorithm

– Extended from conventional OMP to exploit the joint sparsity
structures in the user channel matrices.

– Algorithm flow

– Complexity analysis: Consider for simplicity, overall
complexity of the J‐OMP is
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Common support 
identification

LS estimation based 
on estimated support

Individual support 
identification
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Question: What is the performance of the proposed 
CSIT estimation scheme

E.g.,                                    ?



InsightsInsights
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Insights: a larger size of common 
support can benefit the CSIT 
estimation performance!



Chapter SummaryChapter Summary
• CS‐enabled scheme CSI acquisition scheme in multi‐user FDD
massive MIMO systems.
– We build a model to incorporate the joint sparsity in the user
channel matrices in multi‐user massive MIMO system.

– We propose a novel CS recovery algorithm (extended from
conventional OMP) that can exploit the joint sparsity in the user
channel matrices

– We obtain simple analytical results showing that the joint channel
sparsity can be captured by the proposed scheme to benefit the
CSI estimation.
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Overall Summary of Thesis WorksOverall Summary of Thesis Works
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Overall Summary IOverall Summary I
• CSI feedback reduction for IA in MIMO networks

– interference network topology
– cellular networks topology
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Q1:	How	to	reduce	the	
CSI	feedback	for	IA?

Q3:	IA	transceiver	design	
under	partial	CSIT

Q2:	IA	feasible	condition	
under	partial	CSIT

CSI	feedback	design



Overall Summary IIOverall Summary II
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Point-to-Point Massive MIMO Systems

Multi-user Massive MIMO Systems

 Model	the	temporal	correlation	by	considering	a	
prior	channel	support	and	associated	quality	
information	available,	

 Develop	a	novel	scheme	to	exploit	this	prior	
information	to	enhance	the	channel	recovery	
performance

 Build	a	model	to	incorporate	the	joint	sparsity	
feature	in	the	user	channel	matrices.

 Develop	a	novel	CS‐enabled	scheme	to	exploit	
joint	channel	sparisty	to	enhance	the	channel	
estimation	performance

BS

MS 2

MS 1
shared common 

scatterers for MS 
1, 2

Feature:	Temporal correlations in the multi‐path profile

Feature:	Joint channel Sparsity among the users

BS

MS

Current channel 
paths
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Thank you!
(Any questions?)
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Overall Summary IOverall Summary I

Q1:	How	to	reduce	the	
CSI	feedback	for	IA?

Q3:	IA	transceiver	design	
under	partial	CSIT

Q2:	IA	feasible	condition	
under	partial	CSIT

Define	the	considered	strategy	
space							for							,	i.e.,														.

Q4:	CSI	feedback	design

Implementation

Define	the	constraints	on														
i.e.,									.	



Backup slides for introductionBackup slides for introduction
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Performance Gain of Interference 
Mitigation with CSI

Performance Gain of Interference 
Mitigation with CSI
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• Comparison of communication throughput with / without
interference mitigation:



Backup slides for chapter 1Backup slides for chapter 1
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Proposed Solution to Q1Proposed Solution to Q1

• Toy Example II
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Q1:	How	to	reduce	CSI	feedback	for	IA?,		i.e.,	what		is	 F_j 	

Full CDI Proposed

82 32

• Strategy III: Cancel part of the 
cross‐links and feedback the 
aggregate CSI.

Go back



Proposed Solution to Q1Proposed Solution to Q1

• Toy Example III
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Q1:	How	to	reduce	CSI	feedback	for	IA?,		i.e.,	what		is	 F_j 	

Full CDI Proposed

114 48

• Strategy IV: Feedback of Row 
Space of CSI Submatrices for a 
Subset of Cross Links

Go back



Expression of Feedback FunctionExpression of Feedback Function
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Go back



Proposed Solution to Q2Proposed Solution to Q2

• We obtain sufficient conditions on the CSI feedback profile to
ensure that Problem 1.2 has solutions.
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Q2:	IA	feasible	conditions	under	partial	CSIT



Proposed Solution to Q2Proposed Solution to Q2

• Explicit sufficient conditions on under divisible cases.
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Q2:	IA	feasible	conditions	under	partial	CSIT

Remark (Backward Compatibility with Conventional Results):  If the row 
space of the concatenated channel matrices of all cross links are fed 
back, Corollary 1.1 will be reduced to conventional feasibility result 
(Theorem 2) in [M. Razaviyanyn, Z. Luo, et.al. 2012]. 

Go back



Backup slides for chapter 2Backup slides for chapter 2
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Example I for IA in Cellular NetworkExample I for IA in Cellular Network
• Strategy I: Select a subset of BSs to have fixed outer precoders

• Insights/Strategy: have a subset of BSs have fixed outer
precoders. The group of BSs {1 ,…,G} are partitioned into two
subsets
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Type‐II BSs have fixed outer precoderType‐I BSs

Full CDI Proposed

64 4



Example II for IA in Cellular NetworkExample II for IA in Cellular Network
• Strategy II: Select a part of the antennas to feedback

– G = 2 BSs (N = 5), K = 3 MS (M = 3), d = 1,
– G = 2 BSs (N = 5), K = 3 MS (M’ = 2), d = 1 network is already IA feasible. Hence,
we can feedback the CSI sub‐matrices.

– Insights/Strategy: reduce the CSI feedback antennas. Feedback the
left upper submatrix of .

• Based on the two strategy, we define the CSI feedback strategy
as
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Full CDI Proposed

168 108



Proposed Solution to Q2Proposed Solution to Q2

• Necessary conditions for Problem 2.1

• Sufficient conditions for Problem 2.1
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Q2:	IA	feasible	conditions	under	partial	CSIT	in	MIMO	cellular	network



Performance under limited feedback bitsPerformance under limited feedback bits
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Simulation Results for MIMO Cellular 
Networks

Simulation Results for MIMO Cellular 
Networks
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Baseline1: 
full CDI

Baseline2: 
CSI submatrix feedback.

Baseline3: 
Random Beamforming



Backup slides for chapter 3Backup slides for chapter 3
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CS with Prior Channel Support Infor.CS with Prior Channel Support Infor.
• Convergence speed of the proposed Algorithm 1
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Total Complexity



Backup slides for chapter 4Backup slides for chapter 4
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Performance AnalysisPerformance Analysis
• Define the following support recovery events:

• We obtain a bound on the normalized mean absolute error of
CSIT as below.
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Simulations using ITU‐R modelSimulations using ITU‐R model
• We generate the channel using the ITU‐R IMT‐Advanced model
for Urban Micro Scenario and obtain the following results.
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BS: M = 70 antennas
MS: N = 2 antennas

First row corresponds to first 
receive direction of MS1

Second row corresponds to the 
second receive direction of MS1

Zero coefficients
Non-zero coefficients



Simulations using ITU‐R modelSimulations using ITU‐R model
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BS: M = 70 antennas
MS: N = 2 antennas

Consider K = 4 MSs, 
different MSs share 
some of their channel 
sparsity support due 
to the shared common 
scattering around the 
BS.



Simulation ResultsSimulation Results
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