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MIMO -OFDM Transmitter
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Bit to Symbol Mapping
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The MIMO Techniques (1/4)

ÉThe symbol stream is converted in parallel to 

multiple streams (layers) and then to multiple 

antennas for transmission.

ÉThere are different MIMO Techniques applied to the 

multiple layers of data streams

ÉSpatial Division Multiplexing (SDM)

ÉSpace-Time Block Coding

ÉPrecoding

: number of spatial streams (

s: number of anten

layers

na

)s

tN

N
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The MIMO Techniques (2/4)
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)Space Time Block Coding (STBC) MIMO Technique ( t sN N>

Stream

Parser

7 6 5 4 3 2 1 0s s s s s s s s
Alamouti

STBC

6 4 2 0s s s s

2sN = 4tN =
*

2 0 -  s s
*

0 2  s s

*

3 1 -  s s

*

1 3  s s
7 5 3 1s s s s
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Single Carrier Communication System
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Multi -Carrier Communication System (1/2)
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Multi -Carrier Communication System (2/2)

É If the            , are far apart, the spectrum of the transmitted 

signal looks as follows.

ÉThe carrier frequencies            are selected to avoid spectrum 

overlappingsuch that modulated signals associated with all 

carriers do not interfere with one another.

,kf k"

0f 1f -1Nf

Spectrum of the multi-carrier 

modulated signal

, ,kf k"
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The OFDM System (1/5)

ÉHowever, if the carrier frequencies satisfy

where     and            are fixed values, the spectrum looks like

-1Nf1f0f 2f 3f

0f fD <<
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The spectrum of all multiple

carrier modulated signals
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precise frequency synchronizat

nstants.

Hence, transmitting

ion
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The OFDM System (2/5)

The IDFT in OFDM plays  the role of FDM as in the multi-carier communicationd  igita syslly tem.
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The OFDM System (3/5)

É The OFDM system is a structure of Orthogonal FDM of N parallel signal 

streams.

É Advantages of the OFDM system over the multi-carrier (MC)-system:

Å High spectral efficiency (two-fold)

Å Low-complexity (1-tapped) channel equalization

Å Only one RF chain (one mixer/power amplifier, one high-speed DAC)

Å Cheap and stable digital FFT to implement the Orthogonal FDM
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The OFDM System (4/5)
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The OFDM System (5/5)
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MIMO -OFDM Receiver
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The MIMO System 
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MIMO-OFDM System
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Maximum Likelihood Detection
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Hybrid Precoding for Milli -

Meter Wave Communications
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Part IIȸCORDIC Rotation and Its 

Application

üFundamentals of CORDIC rotation

üQR-Decomposition of Matrices

üQR-Decomposition of Matrices for STBC MIMO 

System

24



CCU Comm

Smart Antenna Lab

The Givens Rotation
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CORDIC Algorithm (1/4)
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( )1

The rotation is decomposed into micro-rotations

           tan 2 ,  0,1,2, .

In practice, only a finite number of micro-rotations is applied.
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CORDIC Algorithm (2/4)
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CORDIC Algorithm (4/4)
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Real-Valued Givens Rotation
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Complex-Valued Givens Rotation
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Part IIȸCORDIC Rotation and Its 

Application

üFundamentals of CORDIC rotation

üQR-Decomposition of Matrices

üQR-Decomposition of Matrices for STBC MIMO 

System

32



CCU Comm

Smart Antenna Lab

If  is an  matrix with linearly independent columns, 

then  can be factored as  

where  is an  matrix whose columns 

from an orthonormal basis for the column space of  

and  is an  uppe

,A

m n

n n

m n³

³

³

A

A

R

A = QR

Q

r triangular invertible matrix 

with positive entries on its diagonal.

QR-Decomposition of an m-by-n

Matrix

QRD Methods

üGivens rotation based methods

üGram-Schmidt Orthogonalization

üHouseholder transformation
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The CORDIC Module

Number of Iterationȸ9 times

word lengthȸ14bits

pipelineȸ 3 (after the 2nd, 6th, and  

last multiplication)
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TACR Triangular Systolic Array (1/3)
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QRи H ПTACR-TSA▐4 4³
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PE

Processing Element, may operate in Vectoring and Rotation mode.

RU

Rotation Unit, eliminates the complex lowest diagonal element of upper triangular 

matrix R.

CGR

CORDIC#1

VM/RM aq
CORDIC#3

VM/RM

CORDIC#4

RM

CORDIC#2

VM/RM bq abq

abq

R-CGR

DE
CORDIC#3

VM/RM

CORDIC#4

RM

CORDIC#2

VM/RM bq

abq

abq

TACR Triangular Systolic Array (2/3)
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TACR Triangular Systolic Array (3/3)
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Throughput rate = frequency / processing cycles

Hardware Implementation Results

Algorithm Givens Rotation

(CORDIC)

System

(Tx-Rx)

SDM-MIMO

(4-by-4)

Architecture TSA

Matrix Size Complex

4-by-4

Word lengths 16 bits

Iterations 9

Technology ASIC 90 nm

Frequency 125.4 MHz

Gate Count 132K

Processing Cycles

(clock cycles)

8

Processing Latency

(clock cycles)

46

Power Consumption 

(mW)

19 at 0.9V

Energy consumed per 

QRD (nJ)

1.21

Throughput rate 15.675M matrices/sec
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Pros and Cons of CORDIC Based 

Architecture

Advantages Disadvantages

Fully parallel hardware structure Long latency

Configurable structure 

High bandwidth requirements both 

for periphery (RAM) and between 

PEs.

Division free circuits
Poor run-time fault tolerance due to 

lack of inter-connection protocol.
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Part IIȸCORDIC Rotation and Its 

Application

üFundamentals of CORDIC rotation

üQR-Decomposition of Matrices

üQR-Decomposition of Matrices for STBC MIMO 

System

42
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AlamoutiSTBC MIMO
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System Model : 
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Layered AlamoutiSTBC MIMO System
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System model : 

Alamouti STBC

Encoder #1

Alamouti STBC
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Layered AlamoutiSTBC MIMO System
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Convert to linear model
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AlamoutiSTBC MIMO
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Data
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Double Space-Time Transmit Diversity, DSTTD
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Data
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Hybrid Alamouti STBC MIMO
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Hybrid Alamouti STBC MIMO
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Hybrid Alamouti STBC MIMO
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Convert to linear model
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Detection for Layered Alamouti STBC Signals
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1,1 1, 1,1 1,

,1 ,M ,M

 1: The QRD of the  produces matrices with Alamouti sub-blocks,  i.e.,

        

                             and             
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 1:  Let  and  be 2 2  and 2 2  matrices, respectively, comprised of Alamouti sub-blocks.

                      The product  is comprised of Alamouti sub-blocks.

Corollary n m m k³ ³U V

UV
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B  from observation  is 
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BCGR (Block-wise Complex Givens Rotation) (1/2)
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BCGR (Block-wise Complex Givens Rotation) (2/2)

53

(1)

2
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Procedure of BCGR Based QRD
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BCGR performs in the vectoring in the vetoring and rotation modes 

to process a 4 4 matrix with Alamouti sub-blocks.

Only the numbers of CORDIC vectoring and rotation operations are given.

Refer to Table

³

 I for the exact angles associated with CORDIC vectoring and rotation operations.
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Complexity Comparison of the TACR and BCGR Based QRDs
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 TACR based QRD BCGR based QRD 

Number of CORDIC

vectoring operations

to compute R

 24M  22M M+  

Number of CORDIC

rotation operations

to compute R

 3 28 4M M-  

3 2(10 / 3) 2

(4 / 3)

M M

M

-

-
 

Number of CORDIC

rotation operations

to compute Q

 3 212 2M M-  
3 25M M+  

Total number of

CORDIC operations

to compute  and Q R

 3 220 2M M-  

3 2(25 / 3)

(1/ 3)

M M

M

+

-
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Complexity comparison of the TACR and BCGR based Q

an 2 2  matrix  w
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BCGR-TSA Architecture (1/2)
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BCGR-TSA architecture for the QRD of 8 8  with 

Alamouti sub-blocks

³ H
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BCGR-TSA Architecture (2/2)
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VMϯ
֝ ẁlook-up-table free ц

ᾼṔ⇔ῶӱᾎ
RM ϯѿlook-up-table free 

ᾼѠ֣
look-up-table free

conventional
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Architectural Comparisons of the TACR-TSA and BCGR-TSA
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 TACR-TSA BCGR-TSA 

Number of CORDIC modules 

in a PE#1
 4 14 

Number of  PE#1 modules   2 1M-  1M-  

Number of CORDIC modules 

in a PE#2
 3 9 

Number of  PE#2 modules   22 3 1M M- + 
2(1/ 2)

(3 / 2) 1

M

M- +
 

Number of CORDIC modules 

in the rotation unit
 1 5 

Number of rotation unit 
1 1 

Total number of CORDIC 

modules in the TSA
 

26M M-  
2(9 / 2)

(1/ 2)

M

M+
 

Latency of a PE

(clock cycles)
 6 12 

Processing cycles

(clock cycles)
 

4M  2M  

Processing Latency

(clock cycles)
 

28 10M-  26 16M-  

 

Architectural comparision of the TACR-TSA and BCGR-TSA

to compute the QRD of a 2 2  channel matrix with

Alamouti sub-blocks

M M³
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Comparisons with Other Architectures
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