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ABSTRACT 

Multiple-input multiple-output wireless links exploit the spatial dimension in a rich scattering 

environment by using multiple transmit and receive antennas. When combined with channel-

based throughput maximizing techniques like adaptive modulation, the throughput of a 

MIMO link has been proven to be much larger than a conventional system. The perfonnance 
, 

of a MIMO system is highly dependent on the characteristics of the matrix channel. Proper 

selection of antenna weights, modulation index, data rate and transmitted power of each 

stream based on the channel conditions can ensure a high throughput while ensuring a 

minimum BER. 

This work proposes to design throughput-maximizing algorithms for limited feedback Open-

Loop MIMO systems (systems without transmit beamfonning) and Closed-Loop MIMO 

systems (systems with transmit beamfonning) that are based on practical criterion such as 

BER threshold, discrete modulation indices, and channel estimation error. This work will be 

further extended to include interference limited multi-user MIMO systems that, in addition to 

the fore mentioned problems, suffer from interference between users. A Successive 

Interference Cancellation (SIC) based method will be developed for use in the interference 

limited multi-user MIMO system which will be based on the exact channel conditions instead 

of the channel whitening process that is currently used for such systems. The channel model 

used is a critical parameter that will affect the perfonnance of MIMO systems. The SIC is 

also implemented as a MMSE-SIC detector for limited feedback MIMO systems and it is 

shown that the throughput of desired stream depends on power and modulation index of the 
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interfering stream. The effects of channel estimation error and quantization error are 

evaluated for limited feedback MIMO system. 

Any algorithm developed must validated using realistic channel models in order to guarantee 

performance in a practical system. The developed algorithms will be tested under realistic 

channel conditions designed by Dr. Zhengquing Yun and Dr. Magdy Iskander. 

The contribution of this thesis is to develop novel algorithms that maximize the throughput 

for practical MIMO systems. Adaptive modulation based power and stream control methods 

will be developed to maximize the throughput of both single link and interference-limited 

multi user MIMO system . 

. '. 

- Xl -



CHAPTER 1 

INTRODUCTION 

Multiple-Input Multiple-Output (MIMO) wireless systems exploit the spatial dimension in a 

rich scattering environment by using multiple transmit and receive antennas [1-3]. Multiple 

streams of data are transmitted in the same time and frequency' channel. The result is an 

extraordinary bandwidth-efficient approach to wireless communication (30-40 bps/Hz), 

especially in rich multi-path environments [3]. Due the increased capacity obtained, this 

recent technology has already started to find applications in commercial wireless products 

and networks such as broadband wireless access systems, wireless local area networks 

(WLAN), and third-generation (3G) cellular networks and beyond. Figure I shows an 

overview of a MIMO system. Each node is equipped with multiple antennas and the nodes 

shown are in the transmission range of each other and form a subset of a larger network. 

Figure 1 shows 3 examples of MIMO systems. Figure la shows a single link isolated MIMO 

system, figure 1 b shows a mobile base station with multiple antennas receiving signals from 

multiple mobile units on same time-frequency slot and decoding the signals, and figure 1 c 

shows an ad-hoc network with laptops having mUltiple antennas transmitting at the same 

time. All three are examples of MIMO systems since the rich scattering environment is 

exploited to transmit multiple streams of data on same time-frequency slot. Each stream can 

possibly have a different transmit power, channel quality and processing gain depending on 

the array-to-array channel, transmitter and receiver beamforming, detection order and 

interference caused by other streams as well as other users. 
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Fig. lc. Laptops with multiple antennas communicating on same time-frequency 
cbannel 

Fig. l . Examples of wireless MIMO systems 

Adaptive transmission, which requires accurate channel estimates at tbe receiver and a 

reliable feedback path between the receiver and transmitter, was first proposed in the late 

1960's [16]. However, interest in adaptive transmission was short-lived due to the perceived 

complexity at that time. In the 1990's interest in this field was revived due to advances in 

hardware and channel estimation coupled with tbe growing demand for increased spectral 

efficiency. Since then, adaptive transmission schemes that provide higb average spectral 

efficiency by transmitting at high speeds under favorable cbannel conditions, and reducing 

througbput as the channel degrades have been widely analyzed and adopted. 
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Adaptive modulation is a form of adaptive transmission in which the throughput of a link is 

maximized by adjusting the modulation index depending'on the channel conditions based on 

a BER threshold constraint. Adaptive modulation has been adopted in developing mobile 

standards such as WiMAX and HSPDA downlink [8, 9] and is growing popular. It was 

shown in [7] that adaptive power and rate M-QAM system can give a power gain of up to 

20dB relative to non-adaptive transmission' for CDMA systems. 

Adaptive modulation is ideally suited to maximize the throughput of a MIMO system since 

each stream in a MIMO link has a different channel gain and a different post-processing gain. 

The difference between adopting adaptive modulation for conventional Single-Input Single-

Output (SISO) systems and MIMO systems is that in SISO systems the BER (consequently 
• 

modulation index) is dependent on the channel gain only, whereas in MIMO systems along 

with the channel gain; beamforming, interference (among streams of given user or from 

external sources) and the processing gain affect the BE.R of the transmitted stream. , 

The goal of this thesis is to develop throughput maximizing adaptive modulation solutions 

for single-link and interference-limited Multiple-Input Multiple-Output (MIMO) systems 

jointly with a successive interference cancellation (SIC) based detection scheme for 

interference-limited MIMO system. Adaptive stream control (for OL- and CL-MIMO 

systems), adaptive power allocation and beam forming (for CL-MIMO) will be designed 

taking practical modulation schemes, interference and BER constraint into consideration. The 

developed algorithms will be implemented on different test cases and the performance will 

be evaluated using different channel models. 

This thesis is organized as follows: 
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Chapter I provides a brief description of MIMO systems, adaptive modulation and the 

outline of the rest of the thesis. 

In Chapter 2 OL- and CL-MIMO systems are introduced. The V-BLAST architecture for 

OL-MIMO and water-filling and MMSE (inverse water-filling) solutions for CL-MIMO 

systems are discussed. 

The developed algorithms for single-link OL-MIMO (based on V-BLAST) and CL-MIMO 

(rate maximization) is introduced in chapter 3 and their performance is evaluated with 

different channel models. 

Chapter 4 deals with interference-limited MIMO systems and the detection architecture 

developed is introduced and performance with realistic channel model is evaluated. 

Finally, a summary of results and some ideas for future work are presented in Chapter 5. 
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CHAPTER 2 

MIMO SYSTEMS AND ADAPTIVE MODULATION 

The required background and review of previous work is presented in this chapter. Section 

2.1 introduces MIMO systems and presents the capacity formulation. Section 2.2 introduces 

Successive Interference Cancellation (SIC) and provides a generic implementation of SIC for 

MIMO systems. Section 2.3 explains the V-BLAST architecture for OL-MIMO systems and 

section 2.4 discusses the water-filling and MMSE solutions for CL-MIMO systems. Section 

2.5 introduces adaptive modulation and presents a BER approximation for M-QAM 

modulation. Finally, Section 2.6 summarizes the chapter. 

2.1 Capacity of MIMO System 

• MIMO links provide better spectral efficiency by using multiple transmit and receIVe 

antennas to partition a single time-frequency channel of a rich scattering environment into 

multiple spatial channels. Figure 2 shows a block diagram of a flat-fading MIMO link. The 

transmitter and receiver have antenna arrays with Nt and Nr elements, respectively. It was 

shoWn in [II] that in a rich scattering environment, the capacity of a Nr x Nt MIMO link 

scales linearly with min (N" Nt). 

The signal received at the node B can be written as 

y=Hx+n (1) 

where x and y are length-Nt and length-Nr vectors of transmitted and received signals, 

respectively, H is the Nr x Nt channel matrix and n is a vector of noise samples modeled as 

, 
white Gaussian, with zero mean and variance "'" . 
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Tpnsmitting 
node (A) 

x H y 

• 

• 

N 

Fig. 2. Block Diagram ofMIMO link. 

The capacity ofthe link is given by 

la;1 + H '" H'I 
C = max log, 2 ' 

p an 

Receiving 
node (B) 

• 

(2) 

where y, is the transmit-signal correlation matrix (assuming x is zero mean). Defining 

P=y, I a; , as the noise-normalized power allocation matrix, (2) can be rewritten as 

C = max 10g,II + HPH'I. 
p 

(3) 

The feedback of the channel state information (CSI) from the receiver to the transmitter in a 

MIMO system can be used to classify it as an open-loop (OL) or closed-loop (CL) system. 

In open-loop systems limited (E.g. stream control, power control) or no feedback is available. 

The CSI is unavailable for OL-MIMO systems; hence, the transmitter cannot perform 
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adaptive beamfonning. Since there is no beamfonning in OL-MIMO systems, the transmitted 

streams interfere with each other and we require complicated detection techniques at the 

receiver. Each transmitter transmits a different stream of data and it was shown in [1] that in 

the absence of channel state infonnation at the transmitter, the optimum power allocation for 

the transmitter is P = (P, / N,)I, where PT is the noise-nonnalized total transmit power. The 

capacity of the OL-MIMO system is obtained by rewriting (3) as 

C = ±IOg'll + PT II.k ), 

k=1 Nt 
(4) 

where >vc k=i,2, ... ,K are the non-zero eigen values of HH' in descending order. 

Closed-loop MIMO, which requires feedback of the instantaneous channel state information 

from the receiver to the transmitter, can yield higher capacities than open loop schemes. 

However, CL-MIMO~has not been favored over OL-MIMO because of the overhead of the 

CSI feedback to the transmitter and rapid aging of the CSI. Consequently, most studies 

analyze the capacity of a CL-MIMO system, not the practical throughput attainable. Studies 

with statistical independent and identically distributed Rayleigh fading channels [5] show 

that even with Doppler frequencies corresponding to pedestrian speed, the frequency of CSI 

feedback needs to be in the order of fractions of milliseconds for the CL-MIMO data rate to 

be greater than OL-MIMO data rate. However, analysis with realistic channel models yield 

drastically different results: it was shown in [6] that for an indoor environment the gain of 

CL-MIMO over OL-MIMO and the channel coherence time are much greater when realistic 

channel models are used in comparison with Rayleigh fading model. This suggests that full 

or partial feedback can be feasible especially in low mobility networks. If the singular value 
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decomposition (SVD) of the channel matrix H is denoted by H = USV', the eigen value 

decomposition of P is given by P = DI:D', the non-zero eigen values of P denoted by C4, , 

k=1,2, ... ,K, and D=V, the expression for capacity given in (3) can be rewritten as 

K 

C = max L)og,(l + Akak ), 

a k=! 

(5) 

K 

where PT = L>~k . 
k=l 

The capacity of a MIMO system is dependent on the interference as well. Interference is 

accounted for by "whitening the channel matrix". The interference is represented by a nois~ 

normalized co-variance matrix R given by 

L , , 

R = I + L H,V,I:,V, H" 
i=t 

(6) 

where I denotes an identity matrix, i=i, ... ,L are the L interferers and V denotes the 

beamforming matrix. The whitened channel is given by 

(7) 

The capacity is give? by 

(8) 

(9) 

2.2 Linear Block Detectors 

In this section we briefly discuss linear block detectors that could be used for MIMO 

systems. Linear block detectors use a nulling matrix to detect the data. The nulling matrix is 

dependent on the criterion used for detection. The goal is to find a nulling matrix G such 
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thati = Gy. The popular criterions used are the zero-forcing (ZF) or minimum-mean square 

error (MMSE). The nulling matrix for the ZF detector is given by 

(10) 

where' denotes the complex conjugate transpose. The nulling matrix for the MMSE detector 

takes the noise level in the channel into account and is given by 
.. 

(11) 

where (]"~ / '!; is the signal to noise ratio. 

Conceptually, each stream is considered to be the desired signal and the other streams as. 

"interferers". Block detection has poor performance since the streams interfere with each 

other and lower the SINR. Better performance can be obtained by using non-linear 

techniques such as interference cancellation. 

2.3 Successive Interference Cancellation 

Successive Interference Cancellation (SIC) improves the performance of an interference-

limited system by detecting the interference and canceling the projected effect of the 

interference on the data in a serial fashion. The use of SIC for spread-spectrum multiple-

access system was first suggested by Kohno, et.a!., in [12]. Subsequently, SIC has been 

widely analyzed and implemented for multi-user detection in spread-spectrum systems. An 

SIC based detection system for OL-MIMO system was first developed in [4]. Figure 3 shows 

the flowchart for generic implementation of SIC in MIMO systems. SIC improves the 

performance of MIMO system in 2 ways: (1) It improves the post-processing gain of 

successive layers by reducing interference, (2) each successive layer estimated has a higher 
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diversity order leading to greater gain. However, an error in the detection of one layer will 

adversely affect the subsequent layers' and this effect is known as error propagation. Error 

propagation is an important factor that limits the perfonnance of SIC. However, exact 

analysis of error propagation is mathematically intensive and hence is neglected in most 

applications. The decision statistic used to select the stream to be estimated is an important 

factor that affects the perfonnance and the goal of any decision statistic chosen must be to 

lower the error propagation in the system, thus improving the perfonnance of the system. 
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STATISTIC 

~ 
( STOP 

Fig. 3. Generic flowchart showing use of SIC in MIMO systems. 

2.4 Open-loop MIMO System 

The BLAST architecture was one of the first proposed architectures for OL-MIMO systems. 

The diagonal BLAST (D-BLAST) architecture originally proposed in [Ill has a diagonally
- Il -



layered coding structure in which code blocks are dispersed across diagonals in space-time. , 

The drawback of D-BLAST was the inherent complexity of the diagonal architecture and 

inter-stream coding making implementations difficult. A simplified version known as 

Vertical-BLAST (V -BLAST) architecture [4] is a widely used detection architecture for OL-

MIMO systems due to its low complexity and easy implementatioJ!. and is described below. 

2.4.1 V-BLAST Architecture 

A high level system diagram of the V-BLAST system is shown in figure 4. The V-BLAST 

architecture envisions the use of a Zero Forcing (ZF) or Minimum Mean Square Error 

(MMSE) detector along with an interference cancellation technique such as Successive 

Interference Cancellation (SIC) [4]. An iterative Parallel Interference Cancellation (PIC) was 

suggested in [13] instead of SIC. 

In OL-MIMO, the transmitted streams interfere with each other and the signal received at 

each antenna of the receiver is a weighted sum of the transmitted signals. Once a stream has 

been estimated, interference due to that stream is cancelled by subtracting the projected effect 

of the estimate from the received signal vector. This is performed in an iterative fashion until 

all streams are detected. As explained in previous section the detection order affects the 

performance of SIC and proper decision statistic must be developed to get the best 

performance. It was shown in [4], that for equal power, equal modulation index OL-MIMO 

system, the optimal ordering is choosing the stream with the high~st SNR at each stage of 

. detection. 
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Fig.4. V-BLAST high-level system diagram. 

The ZF V -BLAST algorithm including the determination of optimal ordering, given in [4], is 

described below: 

Initialization: 

i=l (l2a) 

(12b) 

kl = argminl\(G1H' (12c) 
J 

Recursion: 

(l2d) 

(12e) 

(l2f) 

- 13 -



(12g) 

(12h) 

(12i) 

i=i+l (l2j) 

where (G,) i_denotes the j-th row of G i , + denotes the Moore-Penrose pseudo inverse given 

by (10), (H) k, denotes the k,-th column of H and H k, denotes the matrix obtained by zeroing 

columns k j ,k2, ••• ,k, of H. Thus, (12c, i) determine the optimal ordering; (12d-f) compute 

respectively the ZF-nulling vector, the decision statistic, and the estimated component of a; 

(l2g) performs cancellation of the detected component from the received vector, and (12h) 

computes the new pseudoinverse for the next iteration. The new pseudoinverse is based on 

the reduced channel matrix, since the components corresponding to ·the columns zeroed 

denote those which have already been estimated and cancelled. The MMSE-SIC algorithm is 

similar to the ZF-SIC algorithm described below, with G calculated using (11) instead of 

(10) in (12b) and (12h). 
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Fig. 5. Perfollnance of SIC V-BLAST and block detection, ZF V.s. MMSE, with and without 

ordering, 4x4, QPSK modulation, and perfect channel estimation. 

Figure 5 compares the perfollllance of ZF and MMSE block detection versus the SIC V-

BLAST detector. The system used is a 4x4 link with QPSK modulation and perfect channel 

estimation. It is seen that the ZF block detector has the worst perfOlll1anCe while MMSE-SIC 

with ordering has the best perfollllance. The deteection order affects the perfollltance of the 

system and it can be seen that at BER of 10.3, proper selection of the decision statistic 

improves the perfollnance ofMMSE-SrC by 8dB and ZF-SIC by 4dB. 

2.4.2 Effect of error propagation 

The perfomlance of V-BLAST is constrained by the accuracy of the symbols recovered in 

the previous layer. These decision errors that are fed back are called error propagation. 
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The error propagation problem contributes to the degraded bandwidth efficiency. The effect 

of error propagation on the performance was studied in [14]. For SIC-based V-BLAST, the 

received signal after cancellation of (P-l) layers is formulated by 

k-L n, 

f, = (H),a, + ~)H)j(aj -G j )+ ~::CH)iaj +Y" (13) 
j=l j==k+l 

where the first term represents the desired layer to be estimated, the second term represents 

the inference from (k-l) cancelled layers, the third term represents (n,-k) uncancelled layers 

and final term is for A WGN. Under the assumption of ideal cancellation, the second term is 

equal to zero because a j = a j so that the error propagation does not occur. 

The effect of error propagation on SIC-based V-BLAST is illustrated in Figure 6. In this 

result, the performance of individual layers of 4x4 system is compared with and without 

error propagation. The ZF nulling algorithm is applied for this comparison. For simulation of 

the case without error propagation, the receiver is assumed to have exact knowledge of all 

symbols that are cancelled at each iteration. Here, we observe that the slope increases as the 

nulling scheme proceeds from layer to layer with perfect interference caricellation since the 

diversity advantage is utilized and SINR increases. On the contrary, the case of non-perfectly 

interference cancellation suffers from error propagation so that the potential enhancement in 

diversity is not achieved and the BER slope of the successive layers does not become steep 

compared with the ideal cancellation case. 
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Fig. 6. Effect of error propagation of SIC V -BLAST system, 4 x 4, QPSK modulation, ZF 

nulling, without ordering, and perfect channel estimation. 

2.5 Closed-loop MIMO System 

ill a CL-MIMO system, the complete CST is avai lable at the transmitter. The matrix channel 

is decomposed into a col1ection of uncoupled parallel channels by using channel dependent 

matrix transfollllations at the transmitter and receiver. Figure 7 shows a high-level 

conceptual diagranl ofCL-MIMO system with beamfollning to foml de-coupled streams. 
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Fig. 7. Conceptual diagram of CL-MIMO system showing beamfonning and de
coupled streams. 

The advantage of CL-MIMO is the increased capacity and easy detection since there is no 

inter-stream interference. The drawback is the additional overhead in communicating the CS I 

to the transmitter and the rapid aging of the CSI leading to frequent re-transmissions of the 

CST. 

There are 2 widely used algorithms fo r deciding the power allocation for each mode: Water-

filling [2] and MMSE [15]. A high-level diagram of the system is shown in figure 8.The 

water-filling algorithm maximizes the capacity while the MMSE solution minimizes the 

BER. In the following subsections we discuss both methods. 
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Fig. 8. High-level view of CL-MIMO architecture. The transmit and receive filter 
structures are different for water-filling and MMSE algorithms. 

2.5.1 Water-filling algorithm for CL-MIMO System 

The water-filling solution for CL-MIMO system was proposed In [2] to maximize the 

capacity. The formulation is called so because the power allocated to a stream is directly , 

proportional to the gain of the stream. The orthonormal set of transmit and receive antenna 

weights are calculated using the SVD of H and are given by V and U' respectively. 'The 

power allocation is 'derived using the lagrangian multiplier technique on the capacity 

formulation given in (9) and is given by 

a, = [.u - ;, r subject to (14) 

where p. is the lagrangian multipler whose value is calculated using the power constraint and 

[.t indicates that only non-negative values are acceptable. Thus the transmit filter is the 

product of the power allocation matrix and transmit beamforming, while the receive filter is 

the receive beamformi1'!g. 
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2.5.2 MMSE solution for CL-MIMO System 

The MMSE solution for CL-MIMO system was proposed in [15] for minimizing the BER of 

CL-MIMO system. They proposed a scheme using a transmit filter denoted by matrix T and 

receive filterden?ted by matrix R. IfH = V!:V', T = V r!:r V~ and R = V R!:R V~ denote the 

SVD ofH, T and R then (11-15) are used to calculate transmit and receive matrices: 

V R = Vr = I, 

V'V,. = P, 

V~V=P, 

!:r = !:RP, 

!:~ = ,n:,-' - !:-2 subject to trace(!:~) = Pro 

(15) 

(16) 

(17) 

(18) 

(19) 

where J.t is the lagrangian multiplier, PT is total noise normalized power, and P denotes a 

permutation matrix. 

The power allocation denoted by (15) allocates power inversely proportional to the gain of 

the stream and hence this method is also referred to as inverse water-filling. 

2.5.3 Comparison of Water-Filling and MMSE Solutions 

In figure 9 we compare the performance of the water-filling and MMSE solutions. A 4x41ink 

with QPSK modulation and Rayleigh flat-fading channel is used for the comparison. It can 

be seen that for the first and second stream, the BER of water-filling is lower than MMSE. 

This is because the water-filling solution allocates more power to the high gain stream. The 

weaker streams of water-filling have a greater BER than MMSE because MMSE allocates 

more power to those streams. But the overall BER ofMMSE is lower than water-filling since' 
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it is the weaker streams that dominate the BER. At a BER of 10-2 MMSE has a 7dB gain over 

the water-filling solution. 
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w 
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A WF stream 4 

- - MMSE stream 1 
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6 -==~0",~ ... 11 MMSE 10' L-__ -"-__ --' ___ -'::-__ ;:;; 
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Fig. 9. Comparison of water-filling and MMSE solutions. 

2.6 Adaptive Modulation 

Adaptive modulation maximizes the throughput of a system by changing the modulation 

index based on the channel conditions subject to a BER threshold. Figure 10 shows an 

example of implementation of adaptive modulation in WIMAX systems [8]. For practical 

implementation of adaptive modulation, an approximate relationship between BER, 

modulation index and SNR is required that is not mathematically intensive to compute. The 

M-QAM modulation structure was analyzed and an approximate relationship was develop for 

square M-QAM modulation in [7] and extended to rectangu lar M-QAM in [17]. The BER 

approximation is given below: 
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BER ~ 0.2exPl - g !:), (20) 

where the constant g is defined as 

3 
g = , for square M - QAM 

2(M -1) 
(21) 

6 
g = , for rectangular M - QAM. 

5M-4 
(22) 

Three approximations were obtained using curve-fitting in [29] for M-PSK modulation and 

are given below: 

( 
6(E,IN,l J 

BER = 0.05 exp - 2'91og,M -1 ' 

BER = O.2exp( ;~~/::o) J' 2· , +1 

( 
8(E,/No)) 

BER = 0.25 exp - 2'941og,M • 

(23) 

(24) 

(25) 

In order to lower the complexity of calculations we use only square M-QAM modulation and 

the lowest modulation index is M=4. For a BER threshold of -y, the noise-normalized power 

to transmit at least 4-QAM is 

E 
-' ? -2In(5y). 
No 

(26) 

The modulation index for square M-QAM can be found by combining (20) and (21) as 

M -ll- 3 E,INoJ 
- 2 In(5y) , 

(27) 

where U represents truncation to nearest lower modulation index. 
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a.sa 

Fig. 10. Example of implementation of adaptive modulation for WIMAX systems as given in 

[8). 

2.7 Summary 

OL- and CL-MIMO systems were introduced in this chapter and the V-BLAST architecture 

for OL-MTMO and waterfilling and MMSE architectures for CL-MIMO were presented. The 

perfollnance of the ZF and MMSE detectors for OL-MIMO systems were compared and the 

effect of error propagation on perfollnance of SIC was analyzed. The advantage of OL

MIMO is the absence of any overhead, while CL-MIMO offers greater capacity but at the 

cost of greater overhead. However, practical systems usually have a BER constraint that any 

transmitted stream needs to satisfy and the systems discussed in this chapter do not take it 

into consideration and assume that there exists a modulation and coding technique that will 

satisfy the BER. Better perfom1ance can be achieved if the BER constraint is taken into 

account while deciding the number of streams to be transmitted. We also introduce adaptive 

modulation and present a BER approx.imation for M-QAM modulation. In the following 
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chapters we will fonnulate algorithms for OL- and CL-MIMO systems taking the BER 

constraint into consideration and use adaptive modulation to maximize the throughput of the 

system. 
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CHAPTER 3 

ADAPTIVE MODULATION BASED MIMO SYSTEM 

In this chapter we develop adaptive modulation based algorithms for single-link and 

interference limited Multiple-Input Multiple-Output (MIMO) systems jointly with a 

Successive Interference Cancellation (SIC) scheme for interference limited MIMO system. 

The implementation of adaptive modulation for MIMO systems has a greater complexity in 

comparison with SISO systems, because unlike SISO systems where the only relevant factor 

is SNR, the stream allocation, power allocation, processing gain, channel gain and 

interference are all factors that affect the performance and hence need to be taken into 

consideration while deciding the modulation index. 

It was suggested in [23] that when the interference is higher than the signal power, lower 

BER can be achieved by detecting interference along with data. We deVelop SIC based 

detection scheme for interference-limited MIMO system with ordering based on expectation 

of error rate taking into account error propagation. A new~detection matrix is developed to 

account for interference at the receiver instead of channel whitening transformation. This 

detector is used for OL- and CL-MIMO systems and is found to lower the BER in high-INR 
• 

low-SNR case, leading to increased data rate when combined with adaptive MIMO 

modulation. We also modify an iterative power allocation solution developed in [24] for 

interfering (i.e., spatially multiplexed) MIMO links and adopt it for power allocation, 

beamfoirning and calculation of modulation indices. 

The rest of the chapter is organized as follows: In section 3.1 we deal with isolated MIMO 

• links. We introduce adaptive stream allocation for OL-MIMO systems based on the y-
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BLAST architecture. A rate-maximizing scheme is developed for CL-MIMO using adaptive 

stream and power control along with beamforming. We adopt square M-QAM modulation 

and assume that the lowest modulation index as 4-QAM. We introduce interfering MIMO 

system in section 3.2 and develop SIC based detection scheme with ordering based on 

expectation of error rate taking into account error propagation. In Section 3.3 we present the 

iterative solution for MIMO-SDMA systems and summarize the chapter in section 3.4. 

3.1 Adaptive Modulation Based Isolated MIMO Links 

In this section we introduce adaptive modulation for isolated MIMO links. We assume that 

there is no external interference affecting the performance of the system. The performance of 

a MIMO system is highly dependent on the characteristics of the matrix charmel. Proper 

selection of antenna weights, modulation index, data rate and transmitted power of each 

stream based on the charmel conditions can ensure a high throughput. In a Single-Input 

Single-Output (SISO) system, adaptive modulation maximizes the throughput of a link by 

adjusting the modulation index based on the channel gain and BER threshold. In a MIMO 

system, since each stream has a di fferent charmel gain and processing gain, adaptive 

modulation can be used to maximize the link throughput, by maximizing the throughput of 

'each stream based on the channel gain and BER threshold. In 3.1.1 we develop a modified V

BLAST system with limited feedback of the number of streams to be transmitted and a 

uniform modulation index. A rate-maximizing algorithm is developed for CL-MIMO 

systems in section 3.1.2 and the water-filling and MMSE solutions discussed in the previous 

chapter are modified to include a BER constraint. 
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'3.1.1 M-QAM Based OL- MIMO System 

In this section we develop a limited-feedback OL-MIMO system with adaptive modulation 

,based on the V-BLAST architecture. An overview of the limited-feedback OL-MIMO system 

is shown in figure II. The algorithm decides the number of streams to be transmitted and a 

uniform modulation index for all streams. The use of adaptive modulation for OL-MIMO 

system has been studied in [18-21]. with adaptive power allocation and modulation index for 

each stream based on the post-processing gain. But they neglect the effects of error 

propagation on the post-processing SINR and assume perfect interference cancellation. As 

shown in Figure 5, the effects of error propagation cannot be neglected. It is seen that the 

performance of the 1 st detected stream is the worst; hence we adopt a scheme in which we 

use the post-processing gain of the first detected stream to calculate the number of streams 

and a uniform modulation index for all streams. With the SIC algorithm, the SNR of the first . 
layer estimated is 

(28) 

where WI is given by 

(29) 

denoting the array weight vector for detection of the first detected stream, given by the 

minimum-norm row of G, the pseudo-inverse of the channel matrix H, nT ~t is the number 

of transmit antennas used and PT is the total noise normalized transmit power. 

The algorithm for calculating the number of feasible streams is as follows: Th,e number of 

feasible antennas is assumed to be N" the SNR of the first stream is calculated and is 

- 27-
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compared with the SNR threshold in (19). Tf the SNR is greater then all streams are used, 

otherwise the number of streams is reduced by I , the channel matrix is reduced (by setting 

the column corresponding to detected stream to zero) to reflect the lower number of transmit 

antennas and the process is repeated. We need to reduce the channel matrix and recalculate 

the transmi tted power since along with the redistribution of the number of streams the 

dimensions of the matrix channel also change with the number of transmitting antennas. 

Once the power allocation is calculated the modulation index is then calculated by 

substituting (22) in (20). 
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I I 
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Fig.1 I. Open loop MIMO system diagram with limited feedback . 

3.1.2 M·QAM Based Solutions for CL·MlMO 

I~ 
IV 

In this section we investigate the use of adaptive modulation in CL·MlMO systems. We 

modify the existing water-filling and MMSE solutions and propose a rate-maximization 
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scheme using adaptive M-QAM modulation. An overview of the CL-MIMO system is shown 

in figure 12. 

The water filling and MMSE solutions maximize the capacity and minimize the BER, 

respectively. But hoth do not guarantee a target BER. The BER of each individual stream is 

different and if an average target BER is to be satisfied the stronger streams have to sacrifice 

their transmission rate in order to lower the BER. This makes both solutions unsuitable for 

adaptive modulation . In this section we propose a modification to both WF and TWF 

algorithms in order to maximize the throughput while maintaining a target BER. The 

constraint in the WF and IWF strategies is that the Lagrange multiplier is accepted only if the 

power allocated to the weakest eigen-mode 
• 
IS greater than 

H, n 

Transmitter l-Y 'L Receiver 
D ata lY. 'L Q-' I r Adaptive 

Power Beamforming 
control and • • • 

beamforming : , • modulation • ., 

P' 'L Channel estimator 

.J 

x y 

Fig. 12. CL-MIMO model with full CSI feedback. 

zero, i.e., a; > 0 where i is the weakest eigen-mode of the subset of eigen-modes being 

considered. We add the following constraint to satisfy the BER threshold (r) for each stream: 

a)'i 2: -21n(5y). (30) 
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This constraint makes sure that the weakest eigen mode can transrriitat least QPSK for the 

given bit error rate threshold ensuring. that the stronger streams need not sacrifice the 

transmission rate in order to maintain overall BER. 

Next we develop a closed-loop rate maximization scheme that takes a BER constraint into 

account while calculating the maximum possible throughput. When K streams of data, each 

utilizing M-QAM modulation with modulation index M" are transmitted, the throughput is 

given by, 

K 

R = L log, (M , ). 
i=l ' 

(31) 

Substituting (20) in (24) we get, 

R = L log ,(ll- () a,A,J). , 2ln 5y 
(32) 

Using the Lagrangian multiplier procedure (32) can be rewritten as 

R=LlOg,(ll- ()a,A,JI+,u(La,-Pr)+(a,A,+2ln(5Y )-V)' (33) 
, 21n5y) 

subject to La, = Pr and a,A, 2: -2In(5y), where Ji., \' are the lagrangian multipliers and 

v is the dummy variable to convert the inequality constraint into equality constraint. The 

lagrangian multiplier r=0 when a,A, > -2In(5y), and the power allocation is given by 

_( 12ln(5Y ))+ { La,=Pr a, - ,u - s. t. . 
Ai 3 a,Ai > -2ln(5y) 

(34) 

As shown in figure 13(a), the quantization of the modulation index to discrete values results 

in extra power in each stream after powe~ allocation by (34) and modulation index 

calculation using (27). The total extra power is then reallocated to either increase the data 
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rate of an existing stream or to increase the number of transmitted streams as shown in Figure 

13(b). 

Number of streams 

(a) Power allocation as in (14) 

-
Power threshold required for 
modulation scheme 

Extra power that can be 
. reallocated 

Number of streams 

(b) Reallocation of extra power 

Fig. 13. Illustration of power allocation in (34) denoting the extra power in some streams 
that can be re-allocated. 

3.2 Adaptive Modulation Based Interference-Limited MIMO Sy~tem 

In this section we combine the adaptive modnlation scheme developed in the previous 

section for isolated MIMO links with a SIC based detection scheme with a new decision 

statistic for increasing the throughput of interfering MIMO links when the interference power 

is larger than signal power. 

Given the increasing number of users and shrinking cell sizes of a cellular system, or 

multiple simultaneous transmissions in a space-division multiple-access (SDMA) system, 

interference is an important parameter affecting the performance of the system. In [22], it 

was shown that a MIMO-SDMA system can yield a greater throughput compared to a time-
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division multiple-access (TDMA) system. This implies that in a practical system, co-channel 

interference among nodes in the network' will have to be accounted for, along with co

channel interference from nodes in neighboring networks (cells). 

The adaptive modulation schemes presented in the previous section did not consider 

interference from other links. In OL-MIMO links, the received streams interfered with each 

other, hence we chose a uniform modulation index based on the first stream detected. In the 

CL-MIMO case, the streams were uncoupled from each other using transmit and receive 

beamforming and had different transmitted power and different constellation. In the presence 

of external interference from other links, the received streams can have different SNRs and 

modulation indices, and they will not be decoupled. Assuming the SIC algorithm is 

employed; the interference will affect the detection order as well as the data rates. When a 

strong interfering stream with a low modulation index is imminent, SIC can be used to first 

separate it from the received vector of signals with a low BER, and then, the desired signals 

can be detected with higher gain due to an increased diversity order. Consequently, this gain 

can be used to increase the modulation index constrained by the BER threshold. Thus, when 

the interference can be separated from the desired signals using the SIC algorithm, th~ 

adaptive modulation scheme should be extended to possibly increase the data rate according 

to the order in which the streams are processed. This extension requires formulation of the 

post-processing SNRs of the streams that go through SIC taking into account error 

propagation. We fust develop a detection matrix based on the signal received in the presence 

of interference and then use it in a SIC based detection scheme with ordering based on the 

expected error rates. 
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3.2.1 Received Signal and the Detection Matrix 

We consider an interfering MIMO system with L+1 links, where each link is affected by 

co-channel interference from other L transmitters. The received complex baseband signal 

vector of user under consideration is given by 

L 

Y = H dXd + L H ,x; + n , 
i=! 

(35) 

where the subscript d denotes the link under consideration and the subscript i denotes the 

interfering links. In general, the transmitted vector is written in terms of the independent 

vector of modulated symbols, s, as 

x = V.E 1I2 S , (36) 

where V denotes the transmit beamforming matrix and E is the power allocation matrix. With 

the number of transmitted streams from a node denoted by n, E is an Nt x n diagonal matrix. 

For OL links with omni-directional transmission V is an identity matrix. 

In studies analyzing the capacity under interference such as [23-25], a spatial whitening 
, 

transformation is used that models the interference as colored noise to reduce the capacity 

formulation to the form in (2). The whitened channel is given by 

H =R-1I2 H 
w d' 

where R is the interference covariance matrix given by 

L , , 

R = I + L H;Vi.EiVi Hi· 
i=l 

(37) 

(38) 

With channel whitening, the diversity gain is reduced as a function of the number of 

interfering streams and the gain provided by SIC cannot be fully exploited. At strong 
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interference conditions it may be favorable to estimate the interference and separate it from 

data, as suggested in [?3]. 

In this paper, we develop a detection matrix to separate the interference from the data 

instead of using channel whitening to account for it. Rewriting (27) in a combined matrix 

form as 

Sd 

Y = [HdVdl:~2 Hl~~12 ... HYLl:~2 Sl +n, (39) 

we form the following detection matrix: 

H = [H V Ll12 H V Ll12 
d d d 1 1 1 H LV L L ~12]. (40) 

This detection matrix is used in place of the whitened channel matrix in the modified ZF-

SIC algorithm discussed next. 

3.2.2 BER Approximation ith Error Propagation and the Modified ZF-SIC Detection 

Scheme 

Error propagation is a critical factor in the performance of the SIC algorit~m. If the 

previous layers are detected correctly, the interference from these can be removed, and the 

next layer can be detected with the full array processing gain. However, if an error is made, it 

will propagate and create interference to the successive layers. QAM constellations larger 

than 4 points have unequal symbol energies. Consequently, the interference and the BER for 

the next set of layers will vary from symbol to symbol. Therefore, an exact analysis of the 

BER with error propagation is mathematically intensive. Hence we use a worst-case 
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approximation by assuming that an eaHier error results in a uniform distribution over the 

constellation for a subsequent symbol decision. In this case, the conditional probability of 

error is given by (I-11M) for M-QAM [31).' This is equivalent to assuming no knowledge 

about the transmitted symbol. The probability of error for ith layer is given by 

H (3 (E j J ( I j( H ) Pe, = n (I - Pe, ) exp - _ -' + 1 - - 1 - n (1 - Pe,) , 
';1 2(M; I) No ; M; hi 

(41) 

where Pe is the probability of error of the f(h layer. The first term denotes the error , 

probability in absence of error propagation and second term denotes the error probability in' 

presence of error in any of the previous layers. This BER formulation is used in stream 

selection for detection, since lower the BER of streams estimated earlier, lower the effect of 

error propagation. The modified ZF-SIC detector proposed is shown in figure 14. 

In cases of high INR and low SNR, the BER of interference, given by (41), would be lower 

than the data stream. Hence the interference would be extracted first and SIC used to cancel 

its effect on the data streams. Since the INR is high, the error probability is small, and hence 

the effect of error propagation is insignificant. The result is increased diversity order, leading 

to lower BER, for the data stream detected in later stages of the ZF-SIC detector. The 

decrease in BER is leveraged to increase data rate using adaptive modulation. 
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Fig. 14. Flowchart illustrating the SIC based detection algorithm. 

- 36-



3.3 Interfering Multi-User MIMO system 

In this section we describe two iterative pfocedures: (l) for power allocation, calculation of 

modulation indices and transmit beamforming in interfering multi-user CL-MIMO system, 

(2) for increasing the data rate after detection using SIC based detector. The first iterative 

procedure is a modification of the original capacity based formulation for MIMO-SDMA 

systems given in [22] and is shown in figure 15. The spatially whitened channel matrix is 

used for power allocation and beamfonning at the transmitter and the iterative procedure is 
, 

continued until the modulation indices stabilize. It is seen that on an average the system 

stabilizes in 3-4 iterations. 

H= 

One iteration of the 
Initial power allocation algorithm 

at each linle 

with power constraint 

H R=H 

Fig. 15. Iterative Power allocation procedure. 
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The second iterative procedure is to increase the data rate after the initial received data has 

been detected and the BER ascertained and is shown in figure 16. There is no power 

reallocation or cbange in the transmit beamfonning, only the modulation indices change. The 

feedback required for th.is is minimal, for example, a bit in the acknowledgement !Tame can 

indicate whether the data rate can be increased or not. Also minimal cooperation is required 

between the nodes since the increase in modulation index at one node affects the BER of the 

other nodes in the transmission range. 

One iteration of the 
Data rate increase 

at each link: 

lesser than thresho ld 
the modulation index of a stream by 

a factor of 4 (one step in square 

Recalculate the 
detection order and 

BER 

QAM) 

The interference 
changes at other nodes 

Fig. 16. Iterative data rate increasing procedure. 
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3.4 Summary 

In this chapter we developed adaptive mOQul:ition algorithms for isolated MIMO links jointly 

with detection algorithm for interfering MIMO systems. A rate maximization scheme was 

developed for CL-MIMO systems. For interfering MIMO system, we developed a SIC based· 

detection scheme for OL- and CL-MIMO systems, with a new detection statistic based on the 

BER. We also developed a detection matrix to take the interference into account instead of 

channel whitening. In the next chapter we evaluate the performance of the developed 

systems. 
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CHAPTER 4 

RESULTS 

In this. chapter, the throughput of isolated and interference-limited MIMO ,systems 

implementing the adaptive modulation based algorithms jointly with the SIC based detector 

described in earlier sections will be studied. Channel model is a critical factor in evaluating 

the performance of the' MIMO system, since the eigen value of each stream and consequently 

the gain of each stream will change depending on the channel model. Three flat-fading 

channel models will be used to evaluate the system performance: Rayleigh channel, single 

parameter spatial correlation model, realistic channel model based on Finite Difference Time 

Domain (FDTD) [27,28]. A zero-forcing detector will be used for estimation and detection. 

The following test cases based on the configuration mentioned above will be evaluated: (1) 

Isolated single link MIMO system, (2) an OL-MIMO link with fixed interference, (3) a CL-

MIMO link with fixed interference, (4) a 2-link OL-MIMO system with interfering links, (5) 

a 2 link CL-MIMO system with interfering links. We will use 4x4 MIMO links, with the 

BER threshold set to 10.2• The effects of channel estimation error and quantization error are 

evaluated for interference-limitedOL-MIMO system using a MMSEcSIC detector. 

For the interfering MIMO case we assume that each node transmits 2 streams of data. This 

implies that for OL-MIMO. only 2 transmit antennas are used; whereas all 4 antennas are 

used for CL-MIMO with transmit beamforming. The comparison is between the throughput 

when the modified detection scheme is used to potentially separate the interference from the 
• 

data and conventional detector where the data is detected considering interference as noise . 
• 
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This chapter is organized as follows: In section 4.1, we introduce the three channel models 

used to evaluate the algorithms. The results for isolated MIMO system are presented in 

section 4.2. Section 4.3 deals with interference-limited MIMO system and section 4.4 will 

summarize the chapter. 

4.1 Channel Models Used In Performance Evaluation 

4.1.1 Rayleigh Channel Model 

The Rayleigh channel models a multipath propagation environment with rich scattering and 

no line of sight. The antenna elements are assumed to be uncorrelated. The elements hij of the 

channel matrix H are· independent and identically distri.buted complex Gaussian zero mean 

unit variance elements. The eigen values of the channel decomposition, are similar, 

maximizing the MIMO gain. 

4.1.2 Spatial Correlation Model 

The second channel model used is a single parameter spatial correlation model [26] based on 

the Kronecker model. The kronecker model represents the covariance matrix of the channel 

as a kronecker product of the transmitter and receiver correlation matrices. The channel is 

modeled as follows 

H = RII2 GR1I2 
H.RX H,RT (34) 

where G is NR X NT matrix with independent and identically distributed complex Gaussian 

zero mean unit variance elements, RH,TX is Nt x Nt transmit correlation matrix and RH,RX is 

Nr x Nr receive correlation matrix. 
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The single parameter correlation model assumes that the correlation between the transmit 

antennas is independent of receive antennas and vice-versa. This implies that all the cross

correlations can be expressed as a single value. 

The correlation matrices are modeled as follows. 

1 rrx 
4 

rrx········· 
r.(Nr -l)2 

TX 

rTX 1 rrx·········· 
R = , 4 H,T)( r1X rTX rTX 

(35) 

r(Nr -1)2 
TX 1 

The second simplification is that since both the transmitter and receiver are ill similar 

environments we assume rTX = rRX = r, i.e., assume that transmit and receive correlations are 

the same. This model is widely used in MIMO systems, but is not valid in all cases. It was 

shown in [30] that the kronecker model does not render the multipath structure correctly 

causing capacity mismatch. 

4.1.3 Realistic Indoor Channel Model 

In order to evaluate the performance of the designed system we also test it using realistic 

channel that was developed using Finite Difference Time Domain (FDTD) model for an 

indoor environment. 

The m'odel given in [27, 28] was used on the office floor plan shown in Figure 16. The size 

of the region is 16mx 16m and the frequency of transmission is assumed to be 2.4 GHz. The 

transmitting and receiving nodes are assumed to have linear antenna arrays with 4 elements 

and half wavelength spacing. The transmitter position is fixed and the receiver is a mobile 

unit traveling in the direction of the arro,:" shown in Figure 17. The FDTD model is used to 

calculate 4x4 matrices of propagation coefficient from the transmitter to each point on 
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receiver route. The throughput was averaged over 5 parallel lines separated by a distance of 

'N2, with 151 channel realizations on each line. The channel realizations obtained are 

nOIInalized to remove gain due to distance between the transmitter and receiver since we are 

interested in comparing the effects of channel correlation. For the single link cases we use 

path 1 whereas for the 2 link case we assume that path 1 and path2 are the paths followed by 

the 2 receivers. 

Path 2 

II 
II 
I 
1

::=;>- _·_ ---------------------
II "Txl 

x2 _ 

- ----- - Path 3 
Group I 

-Tx3 

Fig. 17. Floor plan used for generating channel realizations .Arrows are indicating the 

direction ofsarnpling along the lines. The total area is about 125"- x 125"- at 2.4 GHz. 

4.2 Isolated Single-Link MIMO System 
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In this section we consider the performance of an isolated single link MIMO system using 

different channel models. We plot the throughput versus SNR for different channel models 

and we compare the throughput of the OL- and CL-MIMO algorithms developed, along with 

the theoretical capacity given by (4). 

4.2.1 Performance with Rayleigh Channel Model 

Figure 18 shows the throughput comparison of the algorithms developed and the capacity 

formulation. The capacity of a CL-MIMO system and OL-MIMO system are almost equal. 

But the practical attainable throughput is different with CL-MIMO having greater throughput 

than OL-MIMO. This shows that even with Rayleigh. channel with independent and 

identically distribute~ components, transmit and receive beamforming improves the 

attainable throughput. It may also be seen that at an SNR of 25dB the closed-loop rate 

maximization algorithm has an average throughput improvement of 15.1 % over the limited 

feedback OL- MIMO. On an average the OL-MIMO scheme has to pay a penalty of 3dB to 

acheive the same throughput. At high SNRs the difference in throughput is a constant of 
, 

around 4bits/symbol time. It is seen that with respect to the capacity formulation CL-MIMO 

suffers a 5dB penalty and the OL-MIMO suffers 8dB penalty. 

It is seen in figure 19 that the CL-MIMO scheme has a more conservative stream allocation 

policy at high SNR, while the OL-MIMO system has more conservative stream allocation at 

lower SNRs. For adaptive modulation, greater power implies greater modulation index~ 

while in MIMO systems greater diversity leads to greater throughput. At low SNRs OL-

MIMO is not able to effectively utilize the channel, as the channel is Nr x 1 channel while 
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the ·CL-MIMO still remains a Nr x Nt channel due to transmit and receive ,beamforming. 

Hence it does not have the sufficient transmit diversity gain. At high SNR even though it has 

a higher average stream allocation, the throughput is lower because equal power allocation 

does not aide adaptive modulation and it better to allocate power to the higher gain modes. 

flat fading Rayleigh Channel 
35r---~~~~~~~-r----,-----,-----~ 

--+- Limited Feedback OL-MIMO 

- Rate Maximization CL-MIMO 
~ 30 ____ capacity Fonnulati"" : ............ , ............. !. 

"0 25 ----- -----j--- ----------:- '--------j--------------r----

IJ .. 
a 
5," 
-§, 15 
~ e 
,s 

, ---------.

, 

g 10 
~ 

" > 

------------1----------
« 

o 5 

----~-------------~----------, , 

10 15 
SNR (dB) 

----------~-------------

20 25 

Fig. 18. Throughput with Rayleigh fading channel. 
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Fig. 19. Number of streams allocated with Rayleigh fading. 

4.2.2 Performance with Spatial Correlation Model 

Figure 20 shows the throughput comparison for a spatially correlated channel with r=0.4. It 

can be seen that at 25dB the average thToughput for rate maximization has a 48.1 % increase 

over limited feedback OL-MIMO.OL-MIMO has to pay a penalty of approximately 7-8 dB 

to achieve the same throughput. Also as the SNR increases the difference between OL-

MIMO and CL-MIMO increases, suggesting that in the presence of spatial correlation CL-

MIMO is better than OL- MIMO. The slopes of the throughput become the same at high 

SNRs but the value at which they become the same is greater than when Rayleigh fading is 

use~ (23 dB for spatial-correlation versus 17 dB for Rayleigh). The CL-MIMO suffers 

approximately 5dB penalty and OL-MIMO suffers a IOdB penalty in performance in 
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comparison to the capacity formulation. This further indicates that in presence of correlation 

OL-MIMO performance degrades to a greater extent in comparison with CL-MIMO. 

Figure 21 shows the stream allocation policy in presence of correlation. It is seen that CL-

MIMO is able to allocate more streams at SNR lower than 12dB. When compared with 

Figure 19 the stream allocation overall is more conservative for both OL- and CL-MIMO 

systems. The stream allocation further more reflects the effect of the channel gain on stream 

allocation. Since discrete thresholds are used for stream allocation, the average number of 

streams used increases around 10dB for limited feedback OL-MIMO. 

., 
.§ 

Spatial Correlation Channel 
35r-~~~~~r-~~~,---~------,-----, -+- Limited Feedback OL-MIMO 

-- Rate Maximization CL-MIMO 

30 --e-- Capacity Formulation -------------~- -------------y-------- --
, , 
, , 
, , 
, , 
, , 
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:?l 25 
E 
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en 15 --------------j----------------1------

~ 
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Fig. 20 Throughput with Spatial correlation channel model. 
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Fig. 21 Number of streams allocated with Spatial correlation channel model. 

4.2.3 Performance with Realistic Indoor Channel Model 

The transmitter TXI shown in figure 17 is used for transmission and path 1 is traveled by 

the receiver. The throughput using realistic channel model is shown in Figure 22. The 

transmitter is denoted by TX and the receiver is mobile along the route shown. It is seen that 

at 25 dB CL-MIMO has a throughput improvement of 104% over OL-MIMO. The 

throughput with realistic channel is the lowest when compared with the other 2 models. It can 

be seen that the throughput of OL-MIMO is affected to a greater extent in comparison with 

CL-MIMO. 'The CL-MIMO suffers apenalty of 4dB while the OL-MIMO suffers a 15dB 

penalty to achieve the, same performance as the capacity formulation. 

Figure 23 shows the stream allocation policy for realistic channels. In comparison with 

Figures 21 and 19 it can be seen that the number of streams allocated is far more 
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conservative. Also in comparison with Figure 19, OL-MIMO is not able to guarantee at least 

one stream of data for an SNR of 8 dB or lower whereas with Rayleigh fading it is able to 

guarantee at least I stream for SNR or 4 dB or greater. At around IOdB the number of 

streams used dips slightly because at that point the SNR increases such that the original 

power allocation works perfectly and the extra power that was allocated to add another 

stream.of data at lower SNRs is no longer present. 

Real Channel 
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Fig 22 Throughput with Realistic channel model. 
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Fig. 23 Number of streams allocated with Realistic channel model. 

4.2.4 Comparison of Results Using Different Channel Models 

30 

Comparing the throughputs of the Figures 18, 20 and 22 it can be seen that with the use of 

better models the difference in the throughput between limited feedback OL-MIMO and CL-

MIMO increases. This is because of the presence of a large eigen value in the singular value 

decomposition of the channel in the presence of correlation that CL-MIMO is able to exploit 

under low SNR:The ratio of the throughputs (CL-MIMOIOL-MIMO) at 25 dB is 1.15 for 

Rayleigh Channel, 1.48 for spatial correlation model and 2.03 for realistic channel model. 

This shows that while the throughput improvement with Rayleigh channel and single 

parameter correlation model is 15% and 48%, the improvement for realistic channel model is 

100%. This shows that when realistic channel models are used CL-MIMO is better able to 

adapt to channel conditions while OL-MIMO is not able to do so. Thus it can be seen that in 
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real-world scenarios where there is channel correlation the advantage of CL-MIMO .over OL-

MIMO is greater than when statistical channel models are used. 

4.3- OL-MIMO System with Fixed Interference 

In the previous section performance of isolated ·MIMO systems were evaluated. In the 

following sections we will evaluate the performance of the interference-limited MIMO 

systems. This section implements OL-MIMO system with fixed interference. The detection 

matrix is used for calculation of modulation index in the OL-MIMO system, using the 

scheme explained in previous chapter. The BER and throughput obtained with the detector 

developed is very similar to the results obtained with channel whitening, validating the model 

used. The detection scheme developed is used to decrease the error rate of the data streams in 
, 

the high-INR low-SNR case. When the interference power is greater than the data power, the 

expectation of the error rate of the interference can be lower than that of data stream, 

i 
depending on the modulation index of the interference and data streams. Under these 

circumstances, the interference can be estimated with almost no error, and using SIC would 

lead to almost no error propagation. This results in greater diversity order and greater 

processing gain for the data stream without the performance degradation due to error 

propagation. 

4.3.1 Performance with Rayleigh Channel Model 

Figures 24 and 25 show the performance with flat-fading Rayleigh channels. Figure 24 

shows the average BER of the link for different TNRs. The lines without marking represent 

detecting only data and are seen to be close to the BE~ threshold of 10-2
• As the INR 

increases, it is seen beyond a certain threshold, 'dependent on the modulation index of the 

- 51 -

t 

,-



interfering stream, the BER of the data stream using the modified detection scheme starts to 

reduce. Depending on the modulation index and power of interference, the expectation of the 

error rate of detecting interference is lower than that of data. Hence interference is estimated 

with lower error rate leading to lower error propagation, i.e., the second term in (18) starts to 

reduce. This implies that the data gets detected with greater processing gain due to increased 

diversity. When the INR increases above a threshold, the error propagation is negligible and 

the second term in (18) is close to zero. Hence the BER becomes constant after a certain INR 

since the maximum achievable gain from diversity has been obtained. 

This d,ecrease in the BER can be used to increase the throughput of the link using adaptive 

modulation. Figure 25 shows the throughput improvement obtained by separating the 

interference from the data and canceling its effect using SIC. As the INR increases, the error 

propagation decreases, leading to increase in the data rate. After an INR threshold it 

stabilizes, analogous with the BER stabilization leading to constant throughput. Further 

increase in INR will not lead to increase in the throughput. At SNR of 30dB and INR of 

50dB, there is a throughput improvement of 14%. 

4.3.2 Performance with Spatial Correlation Model 

For spatial correlation channel model, the throughput is shown in figure 26. The correlation 

factor is set to 0.4. 

The throughput with whitened channel model mirrored the baseline performance of the 

, system developed. However, as explained earlier since the interference is detected using SIC, 

the BER is lower and the data rate can be increased. At SNR of 30dB and INR of 50dB, there 

is a throughput increase of 60%, due to the decrease in BER. It seen that in comparison with 

- 52-



• 

Rayleigh channel model, the overall throughput is lowered due to the correlation between the 

outputs of different antennas, accounted using the transmit and receive correlation matrices. 
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detecting only data. , 
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Fig. 25. Throughput vs. INR for interference limited single user OL-MIMO system using 
Rayleigh channel model. The lines without markings represent the throughput when 
detecting only data and the triangles represent modified ZF-SIC scheme developed. 
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Fig. 26. Throughput vs INR for interference limited single user OL-MIMO system using 
spatial correlation model. The lines without markings represent the throughput when 
detecting only data and the triangles represent modified ZF-SIC scheme developed. 

4.3.3 Performance with Realistic Indoor Channel Model 

Figure 27 shows the throughput with realistic channel model. As shown in figure 27, TX3 is 

used as the transmitter, path3 is path traveled by receiver and TX2 is the fixed interferer. 

At SNR of 40dB and INR of 50dB there is a throughput improvement of 28%. The 

throughput increase is lower with this channel model when compared to the spatial 

correlation model. 
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Fig. 27. Throughput vs INR for interference limited single user OL-MIMO system using 
realistic channel model. The lines without markings represent the throughput when detecting 
only data and the triangles represent modified ZF-SIC scheme developed. 

4.3.4 Comparison of Different Channel Models 

In this section we compare the performance of the developed system with the three different 

channel models. 

Comparing figures 2S, 26, and 27, it is seen that the throughput decreases when spatial 

correlation and realistic channe!s are introduced. It is seen that the throughput increase at 

SNR of 30dB is 14% with Rayleigh channel model, 60% with spatial correlation channel 

model, and 28% with realistic channel model. Hence it is seen that in comparison to the 

Rayleigh channel model greater increase is obtained with realistic channel model, while the 

spatial correlation model does not accurately model the increase in throughput. 
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4.4 CL-MIMO System with Fixed Interference 

In this system we use the whitened channel 'given by (14) for power allocation and transmit 

beamforming. Power allocation and modulation indices for the transmitted modes are 

calculated using the rate maximization algorithm discussed in previous chapter. The transmit 

beamforming matrix V d is calculated from the singular value decomposition of the whitened 

channel given byH = ULV'. At the receiver, the modified ZF-SIC detector is used instead of 

receive beamforming. At high INR-low SNR, the BER of the link decreases, leading to an 

increase in the throughput of the link. 

4.4.1 Performance with Rayleigh Channel Model 

In this sub-section we analyze the performance with Rayleigh channel model. Figure 28 

shows the throughput versus INR for SNR oOO-50dB. 

It can be seen that at SNR oOOdB and INR of 50dB the throughput of the CL-MIMO system 

increases by 13% without any change in the beamforming or power allocation. Thus it is 

shown that for interference-limited CL-MIMO system, better performance can be achieved 

by using non-linear interference cancellation schemes, to reduce the effect of interference. 

4.4.2 "Performance with Spatial Correlation Model 

In this sub-section the performance with the single parameter spatial correlation model is 

analyzed. The correlation factor used is 0.4. 

Figure 29 shows the throughput with spatial correlation moder' and it is seen that at SNR of 

30dB and INR of 50dB there is a throughput improvement of 36%. This is greater than the 

throughput increase obtained using Rayleigh-channel model. 
, , 
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4.4.3 Performance with Realistic Indoor Channel Model 

We evaluate the performance with realistic channel model in this section. Figure 30 shows 

the throughput with realistic channel model. As shown in figure 17, TX3 is used as the 

transmitter, path3 is path traveled by receiver and TX2 is the fixed interferer. 

At SNR of 30dB and INR of SOdB there is a throughput impr~vement of 13%. In absolute 

terms, the throughput with realistic channel model is the lowest of all three models. This 

shows ,the importance of using proper channel models to accurately predict the performance 

of the system. 

4.4.4 Comparison of Different Channel Models 

The throughput using different channel models is compared in this section. 

Comparing figures 28, 29 and 30, it is seen that both Rayleigh channel model and spatial 

correlation model over-predict the attainable throughput. At SNR of 50dB and INR of 50dB, 

the average throughput is 31.5 bits/symbol time with Rayleigh channel, 31 bits/symbol time . . . 
with spatial correlation, and 28 bits/symbol time with realistic channel model. 

Comparing the CL-MIMO and OL-MIMO results for different channel models, it can be seen 

that at SNR of 30dB a CL-MIMO system has an improvement of 7.5%, 50% and 55% with 

Rayleigh, spatial correlation and realistic channel respectively, in comparison with OL-

MIMO system. 
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Fig. 28. Throughput vs. INR for interference limited single user CL-MIM:O system. The 
triangles represent the throughput with the modified ZF-SIC detector and the lines without 
markings represent conventional ZF-SIC. 
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Fig.29. CL-MIM:O fixed interference throughput using spatial correlation chaJ?lel model. 
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Fig.30. CL-MIMO fixed interference system throughput using realistic channel modeL' 

4.5 Multi-User OL-MIMO System 

The third test case is a 2 link interfering limited feedback OL-MIMO system. The 

formulation in (17) is used along with the scheme section 2-A to calculate the modulation 

index for each link. At the receiver the modified detecting algorithm is applied, leading to 

lower BER when interference can be estimated and cancelled. 

The throughput of both links can be improved with only a small increase in feedback. The 

detector adaptively increases the data rate based on the channel conditions and interference. 

4.5.1 Performance with Rayleigh Channel Model 

In this. section, we evaluate the thro~ghput of multi-user OL-MIMO system using Rayleigh 

flat-fading channel modeL 

The total system throughput versus INR is shown in figure 22. It can be seen that at an SNR 

of 30dB and INR of 50dB there is a throughput improvement of 11 % over detecting data ... 
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without separating interference. This is due to the processing gain of using interference 

cancellation. 

4.5.2 Performance with Spatial Correlation Model 

The effect of correlation on the throughput is evaluated using the single-parameter spatial 

correlation channel model. 

The throughput versus INR is shown in figure 32 for SNR of 30, 40 and 50dB. At SNR of 
I 

30dB and INR of 50dB there is a throughput improvement of 28%, obtained by the use of the 

SIC based detector. The BER is lowered due to increased diversity and reduced interference, 

and the reduced BER is used to increase the data rate using adaptive modulation. 

4.5.3 Performance with Realistic Channel Model 

The throughput with realistic channel model with the channel realizations obtained using the 

Finite Difference Time Domain (FDTD) method is analyzed in this sub-section. At an SNR 

of 40dB and INR of 50dB there is a throughput improvement of 14% due to the interference 

cancellation. 

4.5.4 Comparison of Different Channel Models 

In this sub-section we compare the throughput obtained using different channel models. 

> 
In absolute value, the throughput using the FDTD model is the lowest in comparison with 

Rayleigh channel and spatial correlation model. In terms of percentage throughput increase, 

at SNR of 30dB and INR of 50dB, throughput shows an improvement of approximately 11 %, 

28% and 14% with Rayleigh, spatial correlation and realistic channel model respectively. 
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Fig. 31. Total throughput vs. INR for interference limited multi-user OL-MIMO system. 
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Fig. 32. Total throughput vs. INR for interference limited multi-user OL-MIMO system 

using spatial correlation model. 
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Fig. 33. Total throughput vs. INR for interference limited multi-user OL-MIMO system 

using realistic channel model. 

4.6 Multi-User CL-MIMO System 

The last test system is the multi-user MIMO-SDMA system with interfering links. We 

assume a 4 node network with 2 nodes transmitting. The transmit beamforming, power 

allocation, and modulation indices are calculated using iterative procedure developed in [24], 

with the rate maximization algorithm used instead of the water-filling algorithm. We use the 

modulation indices as the convergence factor for the iterative procedure. At the receiver, the 

detection matrix given by (17) is used for the modified ZF-SIC detector. The increase in the 

data rate is done via an iterative procedure, whereby the modulation index of each link is 

increased alternately, while ensuring that the BER of each mode is below the target BER. 

There is no change in power allocation or beamforming during this procedure. 
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· 4.6.1 Performance with Rayleigh Channel Model 

In this section we use Rayleigh channel with independent and identically distributed values 

to evaluate the throughput. Figure 34 shows the throughput versus INR for SNR of 30-50dB. 

It can be seen that at SNR of 30dB and INR of 50dB there is a 13% increase in the 

throughput of the closed-loop MIMO-SDMA system. At an SNR of 30dB, there is a 11 % 

improvement in the throughput of the CL-MIMO system over the OL-MIMO system when 

both are operated in SDMA fashion. 

4.6.2 Performance with Spatial Correlation Model 

~ this section the spatial correlation model with correlation factor of 0.4 is used to evaluate 

the system throughput. 

Figure 35 shows the throughput with spatial correlation channel model. There is a 18% 

improvement in throughput at SNR of 30dB and INR of 50dB. The throughput increase is 

greater than that obtained with Rayleigh channel model. In terms of bits transmitted per 

symbol time the throughput is lower due to the correlation between the outputs of the 

receiver antenna. 

4.6.3 Performance with Realistic Indoor Channel Model 

In this section we evaluate the performance of the system using realistic channel model. 

Figure 36 shows the throughput obtained using the realistic channel model. The transmitter 

TX2 and path 2 formed one link and transmitter TX3 and path 3 formed the second link. The 

throughput increase obtained in this case is lower than the other cases. 
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Fig.36. Throughput for 2 link CL-MIMO system with realistic channel model. 

4.6.4 Comparison of Results 

In this section we compare the throughput obtained using the different channel models. 
, 

It is seen that the throughput of spatial correlation and FDTD model is lower than Rayleigh 

fading channel. The throughput increase obtained with spatial correlation is the greatest 

while that obtained with FDTD is the smallest, indicating that statistical channel models 

donot give accurate results. 

4.7 MMSE-SIC Detector with Channel Estimation Error and 

Quantization Error 

In this sub-section, the SIC algorithm will be implemented with a MMSE detector and the 

effect of channel estimation error and quantization error on the performance of the system 

~ll be studied using Rayleigh channel model. 
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It was shown in [32] that if ML is used for channel estimation, the channel estimation errors 

are independent and follow a Gaussian distribution given by N(O, ~J ' where M is the 
FTL, 

number of transmit antennas, L, is the length of training symbols used (at least equal to M), 

and PT is the, total power received, In practical systems, in addition to channel estimation 

error, there is also a quantization error due to finite bit length used for data storage. This 

would affect the channel estimate stored at the receiver and also the interference cancellation 

process. This is accounted for by assuming that 1 byte is used for storage of a channel co-

efficient and by rounding the interference cancellation and channel estimate to one byte 

precision. 

Figures 37 and 38 show the performance of limited feedback system with fixed interference 

using Rayleigh and Realistic channel models. It is seen that when interference can be 

estimated with lower. BER than data, better throughput is obtained by estimating and 

canceling interference. The throughput at high INR is lower than that at low INR because the 

error in estimating the interference channel leads to error propagation from inaccurate 

interference cancellation. With further increase in interference power, the desired data is 

masked by the interference leading to quantization errors that decrease the throughput. At 

SNR of 40dB and INR of 50dB, estimating .interference leads to a throughput improvement 

of 16% with Rayleigh channel model and 100% with realistic channel model. 
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Rayleigh channel model. 
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4.8 Summary 

In this chapter we evaluated the impact of adaptive modulation and the SIC. algorithm 

developed on the performance 'of the OL- and CL-MIMO systems using different test cases 

and using different channel models. 

Simulation results show that CL-MIMO had a grater throughput than OL-MIMO in all cases, 

indicating that under certain conditions, such as slower CSI degradation CL-MIMO may be a 

better option.than OL-MIMO. It is seen that the difference in the performance ofCL-MIMO 

and OL-MIMO is far greater with realistic channel compared to statistical channel model. 

Isolated OL-MIMO pays a penalty of 3dB to match the performance of CL-MIMO with 

Rayleigh channel model, whereas with realistic channel model it pays a penalty of IOdB or 

more. This shows the importance of using proper channel models. Furthermore, antenna 

spacing and mutual coupling effects on MIMO systems with and without beamforming are , 

aspects that need to be further studied. 

For an interference-limited MIMO system it was shown that when INR>SNR, better 

performance can be achieved by detecting the interference and cancellation of its effect. 

Comparing the multi-user CL-MIMO and OL-MIMO results for different channel models, it 

can be seen that at SNR of 30dB a CL-MIMO system has an improvement of 27%, 62% and 

96% with Rayleigh, spatial correlation and realistic channel respectively, in comparison with 

OL-MIMO system. This shows that when the expectation of the interference error rate is 

lower than expectation of the data error rate, better performance can be achieved by 
, 

removing the interference using SIC. Since the performance of SIC is dependent on the error 
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propagation to a large extent, we suggest the following: If interference is moderate or high, 

then use co-operation among nodes to inform the interferer to perform beamformir:g' such 

that the interference power increases instead 'of trying to place a null in that direction. This 

would enable the receiver to separate the interference with lower error rate, leading to better 

performance of the SIC detector. The drawback would be decreased gain of the whitened. 

channel potentially leading to lower initial datil rate. On the other hand, when the expectation 

• of the error rate is such that interference is not separated from the data using SIC, it is better 

to place a null in that direction. Thus different cost functions exist for the same beam forming 

vector under different conditions and the analysis is not included in this thesis. 

The effects of channel estimation error and quantization error on limited feedback MIMO 

system with fixed interference were studied using a MMSE-SIC detector. It was found that at 

low INRs MMSEdetector was better than ZF detector and that at high INRs quantization 

errors lead to reduction in throughput. At SNR of.40dB and INR of 50dB, estimating 

interference leads to a throughput improvement of 16% with Rayleigh channel model and 

100% with realistic channel model. 
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CHAPTER 5 

SUMMARY AND FUTURE WORK 

In this chapter we summarize the work presented in previous chapters and discuss directions 

for future work. 

5.1 Research Summary 

The research presented in this thesis gives tis an understanding of parameters affecting the 

implementation of adaptive modulation in MIMO systems and the importance of using 

realistic channel models rather than statistical channel models to evaluate system 

performance. 

We have developed algorithms for adaptive stream allocation (for OL- and CL-MIMO 

systems), adaptive power allocation and beamforming (for CL-MIMO systems) controlling 

the data rate in order to maximize the throughput of the system using adaptive modulation. 

These algorithms try to maximize the throughput attainable, using practical modulation 

schemes, depending on the channel gain, processing gain and a BER threshold. 

For interference-limited MIMO system, we extended the algorithms previously developed to 

adaptively change the power allocation and data rate based on the channel conditions jointly 

with a Successive Interference Cancellation based detection scheme that reduces the BER by 

detecting the interference and canceling its effect wh~n INR>SNR. Using this scheme, the 

throughput of multi-user MIMO systems can be increased with minimal co-operation among 

the transmitting nodes. 

The performance of the developed algorithms was analyzed with 3 flat fading channel 

models. The Rayleigh model is the most widely used model to describe a rich-scattering 
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environment with no line of sight. The second model used is a spatial correlation model that' 

is based on the widely used Kronecker channel model, that takes into account transmit and 

receive correlation. The third model was an FDTD simulation of a given indoor environment. 

It was seen that the net attainable throughput is different when different channel models were 

used. This underscores the need to use realistic channel model when evaluating the 

performance of any algorithm. 

The effects of channel estimation error and quantization error on limited feedback MIMO 

system with fixed interference was studied using Rayleigh and Realistic channel model' along 

with MMSE-SIC detector. It was seen that channel estimation errors and quantization errors 

degrade the performance of the system and need to be accounted for in the high INR region. 

Finally, it was seen that when correlation was introduced using the simplified kronecker 

model and realistic channel realization, the performance degradation in OL-MIMO was far 

greater than the performance degradation in CL-MIMO system. When combined with 

previous results showing that CSI degradation is far slower with realistic channel, this 

suggests that the additional overhead in transmitting the channel state information to the 

transmitter could be more than offset by the additional throughput of systems with 

beamforming. 

5.2 Suggestions for Future Work 

This work aimed to developed algorithms for implementation of adaptive modulation in 

isolated and interference-limited MIMO system. Some directions of research, that can be 

followed on this work are 
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• Effect of antenna spacing and mutual coupling: Mutual coupling and antenna 

spacing are important factors that affect the MIMO gain and consequently the 

throughput of the system and their effects need to be evaluated under a practical 

setting with BER threshold and discrete modulation index, to accurately predict the 

effects on a practical system. 

• Co-operative trausmission and stream allocation in multi-user MIMO system: 

The throughput of multi-user MIMO systems with fixed stream allocation has been 

studied in this work. This can be extended to include adaptive stream allocation and 

co-operative transmission using cross-layer design of the channel gain and 

interference information available at the PHY layer along with higher-level 

information available at the medium-access layer in a wireless network. Some 

research has been done in this area using the capacity formulation and channel 

whitening, but it was shown in this work that there is a difference between the 

practical performance of the system and the capacity formulation. 

• Freqnency selective channels: This work considered only flat-fading channel 

models for narrow-band system. Many existing standards and systems are for 

frequency-selective channels. Frequency selective channels also need to be 

considered for broadband MIMO-OFDM systems. The analysis done in this work can 

be extended to include the effects offrequency selective fading. 

• Co-operative beamforming using multiple cost functions: It was shown in this 

thesis that when INR>SNR, better performance can be achieved if we detect and 

cancel the interference. Based on this fact, this work can be extended a follows: If 
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interference is moderate or high, then use co-operation among nodes to inform the 

interferer to perform beamforming such that the interference power increases instead 

of trying to place a null in that direction. This would enable the receiver to separate 

the interference with lower error rate, leading to better performance of the SIC 

detector. The drawback would be decreased gain of the whitened channel potentially 

leading to lower initial data rate. On the other hand, when the expectation of the error 

rate is such that interference is not separated from the data using SIC, it is better to 

place a null in that direction. Thus different cost functions exist for the same 

beamforming vector under different conditions and further analysis is required to 

determine the optimum cost functions. 
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