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IEEE 802.16m 空間多工模式閉迴路 

多輸出入傳輸之預編碼與等化研究 

 

研究生:柯俊言                  指導教授:林大衛博士 

 

國立交通大學 

電子工程學系 電子研究所碩士班 

 

摘要 

 

    多輸出入傳輸技術近來在行動環境中廣受注目且已經應用在許

多數位通訊系統中，因為跟單輸出入傳輸相比之下，容量和可靠度有

顯著的提升。 

    我們聚焦在 IEEE 802.16m 空間多工模式閉迴路多輸出入傳輸之

預編碼與等化研究。本篇論文採用兩種等化方法。第一種為迫零(ZF)

等化器，他在頻域上為反向濾波器，這是一個最簡單的等化器，他可

以消除符號干擾，但是他會造成雜訊放大。第二種為最小均方差

(MMSE)等化器，最小均方差等化器是使設計估測通道信號及實際信

號的均方誤差為最小，雖然沒辦法完全消除符號干擾，但是不會造成
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雜訊放大。 

    我們依據這兩種等化器，再去設計選擇預編碼的方法。要計算預

編碼的話，完整通道資訊必須要傳給傳輸端。這會產生一個問題，因

為我們的回傳通道的頻寬是有限的。所以我們預先設計好預編碼，再

回傳最合適的預編碼編號。我們提出兩種方法去找尋最適合的預編

碼，第一種是基於最小均方差方法，我們把所有預編碼裡代入運算，

找出最小均方差。第二種是找出使兩根天線最小的訊號雜訊比最大的

預編碼，這個方法必須先計算出每個預編碼天線的訊號雜訊比，我們

在找出最適合的回傳。我們會跟以下兩種方法做比較。第一種為基於

奇異值的方法，首先把通道頻率響應做奇異值分解，其中通道頻率響

應的正交輸入基向量是最佳的迫零等化器，我們把所有可能的預編碼

跟他做旋距離計算，找出最小的預編碼回傳。第二種為最佳預編碼計

算，我們會利用注水原理去求得最佳解。我們先在加成性白色高斯通

道下驗證我們的模擬模型，然後在 IEEE802.16m 標準下於單路徑和

多重路徑通道上模擬。 

  在本篇論文中，我們首先簡介 IEEE802.16m 的標準機制。接著，

我們依照標準分別各傳輸下介紹兩種等化器搭配四種選擇預編碼方

法並探討其效能。 
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Abstract 

 

MIMO channels arising from the use of multiple antennas at both the 

transmitter and at the receiver have recently attracted significant interest 

because they provide a significant increase in capacity and reliability over 

single-input single-output (SISO) channels under some uncorrelation 

conditions. 

We focus on Precoding and Equalization for the Spatial Multiplexing 

Mode of IEEE 802.16m Closed-Loop MIMO. We present two equalizer 

methods. One is Zero-forcing equalizer. It is an inverse filter in frequency 
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domain. This is the easiest equalizer. It can remove the ISI, but it will 

increase the noise. The other method is MMSE equalizer. This method is 

designed to minimize the mean square error of the receive signal and the 

transmit signal. It can not remove all of the ISI, but it will not increase the 

noise.  

A problem associated with precoding is that the channel state 

information must be known at transmitter. This may be difficult since the 

bandwidth of the feedback channel is usually limited. Thus, a 

codebook-based limited feedback precoding scheme is generally used. 

The main idea is to quantize the precoding matrix and feedback the index 

of the optimum precoder. We based on these two equalizers to design the 

selection method to select the best precoder. We proposed MMSE-Based 

and MaxminSNR-Based method. MMSE-Based method finds the 

precoder has the minimum mean square error. MaxminSNR-Based 

method finds the precoder that maximizes the minimum SNR of the two 

antennas. This method has to calculate each precoder’s antenna SNR. 

Then, we select the appropriate one to transmit back. We will compare 

with the following two methods. First is SVD-Based method. We take the 

singular value decomposition (SVD) of the channel matrix. The right 

singular vector of the channel matrix is the best ZF equalizer. We 

calculate all the chordal distance of the possible precoder and the best ZF 

equalizer. Then, we transmit the precoder. Second is the optimum 

precoder computation. We use water-filling method to get the solution. 

We verify our simulation model on AWGN channel and then do the 

simulation on singlepath and multipath channels for IEEE 802.16m. 

In this thesis, we first introduce the standard of the IEEE 802.16m. 

Then we describe the precoding and equalization methods we use and 

discuss the performance in each transmission condition for IEEE 

802.16m. 
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Chapter 1

Introduction

1.1 Scope of the Work

Orthogonal frequency division multiple access (OFDMA) has emerged as one of the prime

multiple access schemes for broadband wireless networks. Some major examples are IEEE

802.16 Mobile WiMAX, IEEE 802.20 and 3GPP LTE. As a special case of multicarrier

multiple access schemes, OFDMA exclusively assigns each subchannel to only one user,

eliminating intra-cell interference [12]. In frequency selective channels, an intrinsic advantage

of OFDMA is its capability to exploit the so-called multiuser diversity provided by multipath

channels. Other advantages of OFDMA include finer granularity and better link budget [12].

OFDMA can be easily generated using an inverse fast Fourier transform (IFFT) and received

using a fast Fourier transform (FFT).

The IEEE 802.16 standard committee has developed a group of standards for wireless

metropolitan area networks (MANs). OFDMA is used in the 2 to 11 GHz systems. The

IEEE Standard 802.16-2004 was for broadband wireless access systems that provide a variety

of wireless access services to fixed outdoor and indoor users. The 802.16e was designed to

support terminal mobility with a speed up to 120 km/h [15]. The last two standards have

now been combined in IEEE 802.16-2009.
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In response to International Telecommunication Union Radiocommunication Section (ITU-

R)’s plan for the fourth-generation mobile communication standard IMT-Advanced, the

IEEE 802.16 standards group has set up the 802.16m (i.e., Advanced WiMAX) task group.

The new frame structure developed by IEEE 802.16m can be compatible with IEEE 802.16e,

reduce communication latency, support relay, and coexist with other radio access techniques

(in particular, LTE). In the IEEE 802.16m working group, the high-level system description

and evaluation methodology are captured in [9]. MIMO technologies again play an essential

role in achieving the ambitious target set, which requires the 802.16m system to deliver twice

the performance gain over a baseline 802.16e system in various measures, including sector

throughput, average user throughput, and peak data rate, as well as cell-edge performance.

Several new MIMO ingredients are proposed. Noticeable ones are transformed codebook

for beamforming feedback, differential beamforming feedback, open-loop multiuser MIMO,

and collaborative multicell MIMO [13]. We study the MIMO architecture and signal pro-

cessing technology for 802.16m. In particular, we consider the zero-forcing (ZF) equalizer

and minimum mean-square error (MMSE) equalizer approach wherein we employ the tech-

nique proposed in [2]. We follow [2] to introduce the ZF and MMSE equalizer with channel

feedback selection problem.

This thesis focuses on the precoding and equalization for the spatial multiplexing mode

of IEEE 802.16m closed-loop (CL) multi-input multi-output (MIMO) systems. A problem

associated with precoding is that the channel state information must be known at the trans-

mitter. This may be difficult since the bandwidth of the feedback channel is usually limited.

Thus, a codebook-based limited feedback precoding scheme is generally used. The main idea

is to quantize the precoding matrix and feedback the index of the optimum precoder. We

propose two methods to select the best precoder from a finite set of precoding matrices and

we will compare with two other methods. We simulate the IEEE 802.16m MIMO system
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and study the performance of different channel feedback selection methods.

1.2 Organization and Contribution of this Thesis

This thesis is organized as follows.

• Chapter 2 introduces the IEEE 802.16m OFDMA.

• Chapter 3 introduces the IEEE 802.16m MIMO.

• Chapter 4 introduces equalization and closed-loop MIMO technology.

• Chapter 5 presents some simulation results.

• Chapter 6 gives the conclusion and indicates future work.

In this thesis, our work can be summarized as following:

• Study IEEE 802.16m OFDMA.

• Study IEEE 802.16m MIMO

• Study equalization and closed-loop MIMO

– Study the equalization and feedback technology in the IEEE 802.16m MIMO

systems.

– Analyze the error performance.

– Discuss on the feedback selection method.

Main contribution of this thesis are as follows:

1. Introduce feedback technology for the IEEE 802.16m MIMO systems.

3



2. Propose two feedback selection schemes for the IEEE 802.16m MIMO systems.

3. Develop an error analysis scheme for the IEEE 802.16m MIMO systems.

4. Compare performance of four different feedback selection methods for the IEEE 802.16m

MIMO systems.
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Chapter 2

Introduction to IEEE 802.16m
OFDMA

We first introduce the basic concepts of the OFDMA in the specification of IEEE 802.16m

and then MIMO techniques for multicarrier modulation in the specification of IEEE 802.16m.

Much of the material in this chapter is taken from [10].

2.1 Basic OFDMA Symbol Structure and Frame Struc-

ture [10]

The Advanced Air Interface (AAI) defined by IEEE 802.16m is designed for nonline-of-sight

(NLOS) operation in the licensed frequency bands below 6 GHz. The AAI supports both

time-division duplexing (TDD) and frequency-division duplexing (FDD) operation, allowing

also half-FDD (H-FDD) operation at mobile stations (MSs). Unless otherwise specified, the

frame structure attributes and baseband processing are common for all duplex modes.

The AAI uses OFDMA as the multiple access scheme in the downlink and the uplink.

The material of this section is taken from [10].
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2.1.1 OFDMA Basic Terms

We introduce some basic terms in the OFDMA physical layer (PHY) of IEEE 802.16m. They

help us understand the concepts of subcarrier allocation and transmission in IEEE 802.16m

OFDMA.

• Physical and logical resource units: A physical resource unit (PRU) is the basic physical

unit for resource allocation. It comprises Psc(= 18) consecutive subcarriers by Nsym

consecutive OFDMA symbols, Nsym = 6 for type-1 subframes, Nsym = 7 for type-2

subframes, and Nsym = 5 for type-3 subframes. Table 1.1 summarizes the PRUs sizes

for different subframe types. A logical resource unit (LRU) is the basic logical unit for

distributed and localized resource allocations. An LRU contains Psc ·Nsym subcarriers

for the three types of subframes. The LRU includes the pilots that are used in a PRU.

The effective number of subcarriers in an LRU depends on the number of allocated

pilots.

• Contiguous resource unit: The localized resource unit, also known as contiguous re-

source unit (CRU), contains a group of subcarriers which are contiguous across the

localized resource allocations. The size of CRU equals the size of PRU, i.e., Psc sub-

carriers by Nsym OFDMA symbols.

• Distributed resource unit: A distributed resource unit (DRU) contains a group of sub-

carriers which are spread across the distributed resource allocations within a frequency

partition. The size of DRU also equals the size of PRU.

2.1.2 Frequency Domain Description

An OFDMA symbol is made up of subcarriers, the number of which determines the discrete

Fourier transform (DFT) size used. There are several subcarrier types:
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Table 2.1: PRU Structures for Different Types of Subframe
Subframe Type Number of Subcarriers Number of Symbols

Type-1 18 6
Type-2 18 7
Type-3 18 5

• Data subcarriers: used for data transmission.

• Pilot subcarriers: used for various estimation purposes.

• Null subcarriers: no transmission at all, used for guard bands and DC subcarrier.

The purpose of the guard bands is to help enable proper bandlimiting.

2.1.3 Primitive Parameters

Four primitive parameters characterize the OFDMA symbols:

• BW : the nominal channel bandwidth.

• Nused: number of used subcarriers (which includes the DC subcarrier).

• n: sampling factor. This parameter, in conjunction with BW and Nused, determines

the subcarrier spacing and the useful symbol time. This value is given in Figs. 2.1 and

2.2 for each nominal bandwidth.

• G: This is the ratio of CP time to “useful” time, i.e., Tcp/Ts. The following values

shall be supported: 1/16, 1/8, and 1/4.

2.1.4 Derived Parameters

The following parameters are defined in terms of the primitive parameters.
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• NFFT : smallest power of two greater than Nused.

• Sampling frequency: Fs = ⌊n · BW/8000⌋ × 8000.

• Subcarrier spacing: △f = Fs/NFFT .

• Useful symbol time: Tb = 1/△f .

• CP time: Tg = G × Tb.

• OFDMA symbol time: Ts = Tb + Tg.

• Sampling time: Tb/NFFT .

2.1.5 Frame Structure

The AAI basic frame structure is illustrated in Fig. 2.3. Each 20 ms superframe is divided

into four 5-ms radio frames. When using the same OFDMA parameters as in Figs. 2.1

and 2.2 with channel bandwidth of 5, 10, or 20 MHz, each 5-ms radio frame further consists

of eight subframes for G = 1/8 and 1/16. With channel bandwidth of 8.75 or 7 MHz, each

5-ms radio frame further consists of seven and six subframes, respectively, for G = 1/8 and

1/16. In the case of G = 1/4, the number of subframes per frame is one less than that of

other CP lengths for each bandwidth case. A subframe shall be assigned for either downlink

(DL) or uplink (UL) transmission. There are four types of subframes:

• Type-1 subframe consists of six OFDMA symbols.

• Type-2 subframe consists of seven OFDMA symbols.

• Type-3 subframe consists of five OFDMA symbols.

8



��� ������� 	������ 
������
��������� � � ���� �� ����� !"#$%�&'()* # +,-+. ,-/ ,-/ +,-+. +,-+.��� !"#$%)0120#&3* 456789: .;< , => ==;+ ++;?44@ A"90* BCCD .=+ =>+? =>+? =>+? +>?,�2E&�))"0)A �&"#$* F%6G89: =>;H? /;,= H;// =>;H? =>;H?IA0%2! A3�E(! '"�0* @J6KA: H=;? =+, =>+;? H=;? H=;?
LM )�'"(*NO=-,

P4Q7RA3�E(! '"�0* @56KA: =>+;,./ =?? ==.;+ =>+;,./ =>+;,./4QQ B2�E0)(% P4Q7RA3�E(!A  0) .�A%)��0A ?, S? ?S ?, ?,TU!0 '"�06KA: <+;,./ =>? ?<;?> <+;,./ <+;,./@QQ B2�E0)(% P4Q7RA3�E(!A  0) .�A%)��0A ?/ SS ?+ ?/ ?/@@NVW@N6KA: =<.;/=? +?, =<=;< =<.;/=? =<.;/=?
LM )�'"(*NO=-=<

P4Q7RA3�E(! '"�0* @56KA: H/;=?S =S< =>,;, H/;=?S H/;=?S4QQ B2�E0)(% P4Q7RA3�E(!A  0) .�A%)��0A .= S< ?. .= .=TU!0 '"�06KA: ?.;/= =>? =>? ?.;/= ?.;/=@QQ B2�E0)(% P4Q7RA3�E(!A  0) .�A%)��0A .> S. ?? .> .>@@NVW@N6KA: =?+;,.S +?> +=+;, =?+;,.S =?+;,.S
Figure 2.1: OFDMA parameters (from [10, Table 775]).
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Figure 2.2: More OFDMA parameters (from [10, Table 775]).

Figure 2.3: Basic frame structure for 5, 10 and 20 MHz channel bandwidths (Fig.466 in [10]).
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• Type-4 subframe consists of nine OFDMA symbols. This type shall be applied only to

UL subframe for the 8.75 MHz channel bandwidth when supporting the WirelessMAN-

OFDMA frames.

The basic frame structure is applied to FDD and TDD duplexing schemes, including

H-FDD MS operation. The number of switching points in each radio frame in TDD systems

shall be two, where a switching point is defined as a change of directionality, i.e., from DL

to UL or from UL to DL.

A data burst shall occupy either one subframe (i.e., the default transmission time interval

[TTI] transmission) or contiguous multiple subframes (i.e., the long TTI transmission). The

long TTI in FDD shall be 4 subframes for both DL and UL. The long TTI in TDD shall

be the whole DL (UL) subframes for DL (UL) in a frame. Every superframe shall contain

a superframe header (SFH). The SFH shall be located in the first DL subframe of the

superframe and shall include broadcast channels.

2.2 Downlink Transmission in IEEE 802.16m OFDMA[10]

Again this section is mainly taken from [10]. Each DL subframe is divided into 4 or fewer

frequency partitions; each partition consists of a set of PRUs across the total number of

OFDMA symbols available in the subframe. Each frequency partition can include contiguous

(localized) and/or non-contiguous (distributed) PRUs. Each frequency partition can be used

for different purposes such as fractional frequency reuse (FFR) or multicast and broadcast

services (MBS). Fig. 2.4 illustrates the downlink physical structure in an example of two

frequency partitions with frequency partition 2 including both CRUs and DRUs.
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Figure 2.4: Example of downlink physical structure (Fig.485 in [10]).

2.2.1 Subband Partitioning

The PRUs are first subdivided into subbands and minibands where a subband comprises

N1 adjacent PRUs and a miniband comprises N2 adjacent PRUs, where N1 = 4 and N2 =

1. Subbands are suitable for frequency selective allocations as they provide a contiguous

allocation of PRUs in frequency. Minibands are suitable for frequency diverse allocation and

are permuted in frequency.

The number of subbands reserved is denoted by KSB. The number of PRUs allocated to

subbands is denoted by LSB, where LSB = N1 ·KSB, depending on system bandwidth. A 5,

4 or 3 bit field called Downlink Subband Allocation Count (DSAC) determines the value of

KSB depending on FFT size. The DSAC is transmitted in the SFH. The remaining PRUs

are allocated to minibands. The number of minibands in an allocation is denoted by KMB.

The number of PRUs allocated to minibands is denoted by LMB, where LMB = N2 · KMB.

12



The total number of PRUs is denoted as NPRU where NPRU = LSB + LMB. The maximum

number of subbands that can be formed is denoted as Nsub where Nsub = ⌊NPRU/N1⌋.

Figs. 2.5 and 2.7 show the mapping between SAC and KSB for FFT sizes 2048, 1024, and

512, respectively. For system bandwidths in the range of (10, 20]MHz, the mapping between

DSAC and KSB is based on Fig 2.5, and the maximum valid value of KSB is NPRU/4 − 3.

For system bandwidths in the range of [5, 10]MHz, the mapping between DSAC and KSB

is based on Fig 2.6, and the maximum valid value of KSB is NPRU/4 − 2.

The subband PRUs and miniband PRUs are denoted PRUSB and PRUMB, respectively.

The set of PRUSB is numbered from 0 to LSB − 1, and the set of PRUMB is numbered from

0 to LMB − 1. The mapping of PRUs to PRUSB is

PRUSB[j] = PRU [i], j = 0, 1, ..., LSB − 1, (2.1)

where

i = N1 · {{⌈
Nsub

KSB
⌉ · ⌊ j

N1
⌋ + ⌊⌊ j

N1
⌋ ·

GCD(Nsub, ⌈Nsub

KSB
⌉)

Nsub
⌋} mod Nsub} + j · N1 (2.2)

with GCD(x, y) being the greatest common divisor of x and y. And the mapping of PRUs

to PRUMB is defined as

PRUMB[k] = PRU [i], k = 0, 1, ..., LMB − 1, (2.3)

where

i =






N1 · {⌈Nsub

KSB
·⌉ · ⌊ k

N1

⌋ + ⌊⌊ k
N1

⌋ · GCD(Nsub,⌈
Nsub
KSB

⌉)

Nsub
⌋} mod Nsub

+(k) mod N1, KSB > 0,
k, KSB = 0.

(2.4)

Fig 2.8 illustrates the PRU to PRUSB and PRUMB mapping for a 10MHz bandwidth system

with KSB = 7.
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Figure 2.6: Mapping between SAC and KSB for FFT size 1024 (from [10, Table 784]).
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Figure 2.7: Mapping between SAC and KSB for FFT size 512 (from [10, Table 785]).
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Figure 2.8: PRU to PRUSB and PRUMB mapping for BW = 10 MHz, and KSB=7.

2.2.2 Miniband Permutation

The miniband permutation maps the PRUMBs to Permuted PRUMBs (PPRUMBs) to ensure

that frequency diverse PRUs are allocated to each frequency partition. Fig. 2.8 together with

Fig 2.19 shows an example. The following equation provides a mapping from PRUMB to

15



PPRUMB:

PPRUMB[j] = PRUMB[i], j = 0, 1, ..., LMB − 1, (2.5)

where

i = (q(j) mod D) · P + ⌊q(j)

D
⌋, (2.6)

P = min(KMB, N1/N2), (2.7)

r(j) = max(j − ((KMB mod P ) · D), 0), (2.8)

q(j) = j + ⌊ r(j)

D − 1
⌋, (2.9)

D = ⌊KMB

P
+ 1⌋. (2.10)

2.2.3 Frequency Partitioning

The PRUSB and PPRUMB are allocated to one or more frequency partitions. By default,

only one partition is present. The maximum number of frequency partitions is 4. The

frequency partition configuration is transmitted in the SFH in a 4 or 3 bit called the Downlink

Frequency Partition Configuration (DFPC) depending on FFT size. Frequency Partition

Count (FPCT) defines the number of frequency partitions. Frequency Partition Size (FPSi)

defines the number of PRUs allocated to FPi. FPCT and FPSi are determined from FPC

as shown in Figs.2.10 to 2.12. A 3, 2, or 1-bit parameter called the Downlink Frequency

Partition Subband Count (DFPSC) defines the number of subbands allocated to FPi, i > 0.

Fig. 2.13 continues the examples in Fig. 2.8 and 2.9 and shows how PRUSB and PPRUMB

can be mapped to frequency partitions.

The number of subbands in ith frequency partition is denoted by KSB,FPi
. The number

of minibands is denoted by KMB,FPi
, which is determined by FPSi and DFPSC fields.

When DFPC = 0, DFPSC must be equal to 0. The number of subband PRUs in each

frequency partition is denoted by LSB,FP i, which is given by LSB,FPi
= N1 · KSB,FP i. The
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Figure 2.9: Mapping from PRUs to PRUSB and PPRUMB for BW = 10 MHz and KSB =
7.

number of miniband PRUs in each frequency partition is denoted by LMB,FP i, which is given

by LMB,FPi
= N2 · KMB,FP i. The number of subbands for each frequency partition is given
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Figure 2.10: Mapping between DFPC and frequency partitioning for FFT size 2048 (from
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Figure 2.11: Mapping between DFPC and frequency partitioning for FFT size 1024 (from
[10, Table 787]).
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Figure 2.12: Mapping between DFPC and frequency partitioning for FFT size 512 (from
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Figure 2.13: Frequency partitioning for BW = 10 MHz, KSB = 7, FPCT = 4, FPS = 12,
and DFPSC = 2.

19



by

KSB,FP i =






KSB − (FPCT − 1) · DFPSC, i = 0, FPCT = 4,
DFPSC, i > 0, FPCT = 4,
DFPSC, i > 0, FPSC = 3, DFPC = 1,

KSB − (FPCT − 1) · DFPSC, i = 0, FPCT = 3, DFPC 6= 1,
DFPSC, i = 1, 2, FPCT = 3, DFPC 6= 1,
DFPSC, i = 1, 2, FPCT = 2,

KSB, i = 0, FPCT = 1,

(2.11)

where FPCT = 2 and DFPSC = KSB/2. The number of minibands for each frequency

partition is given by

KMB,FP i = (FPSi − KSB,FP i · N1)/N2, 0 ≤ i < FPCT. (2.12)

The mapping of subband PRUs and miniband PRUs to the frequency partition is given by

PRUFPi(j) =

{
PRUSB(k1), 0 ≤ j < LSB,FP i,

PPRUMB(k2), LSB,FP i ≤ j < (LSB,FP i + LMB,FP i),
(2.13)

where

k1 =
i−1∑

m=0

LSB,FPm + j (2.14)

and

k2 =

i−1∑

m=0

LSB,FPm + j − LSB,FP i. (2.15)

Fig. 2.13 depicts the frequency partitioning for BW = 10MHz, KSB = 7, FPCT = 4, FPS0 =

FPSi = 12, and DFPSC = 2.

2.3 Cell-Specific Resource Mapping [10]

PRUFPis are mapped to LRUs. All further PRU and subcarrier permutations are constrained

to the PRUs of a frequency partition.
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2.3.1 CRU/DRU Allocation

The partition between CRUs and DRUs is done on a sector-specific basis. Let LSB−CRU,FPi

and LMB−CRU,FPi
denote the number of allocated subband CRUs and miniband CRUs for

FPi (i ≥ 0). The number of total allocated subband and miniband CRUs, in units of a

subband (i.e., N1 PRUs), for FPi (i ≥ 0) is given by the downlink CRU allocation size,

DCASi. The numbers of subband-based and miniband-based CRUs in FP0 are given by

DCASSB,0 and DCASMB,0, in units of a subband and a miniband, respectively. When

DFPC = 0, DCASi must be equal to 0.

For FP0, the value of DCASSB,0 is explicitly signaled in the SFH as a 5, 4 or 3 bit field

to indicate the number of subbands in unsigned binary format, where DCASSB,0 ≤ KSB,FP .

A 5, 4 or 3 bit downlink miniband based CRU allocation size (DCASMB,0) is sent in the

SFH only for partition FP0, depending on FFT size. The number of subband based CRUs

for FP0 is given by

LSBCRU,FP0
= N1 · DCASSB,0. (2.16)

The mapping between DCASMB,0 and the number of miniband based CRUs for FP0 is shown

in the Figs. 2.14 to 2.16 for FFT sizes of 2048, 1024 and 512, respectively. For those system

bandwidths in range of (10, 20], the mapping between DCASMB,0 and number of miniband-

based CRUs for FP0 is based on Fig. 2.14, and the maximum valid value of LMB−CRU,FP0

is less than ⌊88 · NPRU⌋/96. For system bandwidths in the range of [5, 10], the mapping

between DCASMB,0 and number of miniband-based CRUs for FP0 is based on Fig. 2.15,

and the maximum valid value of LMB−CRU,FP0
is less than ⌊42 · NPRU⌋/48.

For FPi (i > 0, FPCT ≥ 2) only one value for DCASi is explicitly signaled for all i > 0,

in the SFH as a 3, 2 or 1 bit field to signal the same numbers of allocated CRUs for FPi

(i > 0, FPCT ≥ 2).
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Figure 2.14: Mapping between DCASMB,0 and number of miniband based CRUs for FP0

for FFT size 2048 (from [10, Table 789]).

For FPi (i > 0, FPCT ≥ 2), the number of subband CRUs (LSB−CRU,FPi
) and miniband

CRUs (LMB−CRU,FPi
) are derived using the two equations.

LSB−CRU,FPi
= N1 · min{DCASi, KSB,FPi

}, (2.17)

LMB−CRU,FPi
=

{
0, DCASi ≤ KSB,FPi

,
(DCASi − KSB,FPi

) · N1, DCASi > KSB,FPi
,

(2.18)

When FPCT = 2, DCASSB,i and DCASMB,i for i = 1 and 2 are signaled using the

DCASSB,0 and DCASMB,0 fields in the SFH. Since FP0 and FP3 are empty, LSB−CRU,FP0
=

LMB−CRU,FP0
= LDRU,FP0

= 0 and LSB−CRU,FP3
= LMB−CRU,FP3

= LDRU,FP3
= 0. For i = 1

and 2, LSB−CRU,FPi
= N1 · DCASSB,0 and LMB−CRU,FPi

is obtained from DCASMB,0 using
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Figure 2.15: Mapping between DCASMB,0 and number of miniband based CRUs for FP0

for FFT size 1024 (from [10, Table 790]).
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Figure 2.16: Mapping between DCASMB,0 and number of miniband based CRUs for FP0

for FFT size 512 (from [10, Table 791]).
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the mappings in Figs. 2.14 through 2.16 for FFT sizes of 2048, 1024 and 512, respectively.

The number of CRUs in each frequency partition is denoted LCRU,FPi
, where

LCRU,FPi
= LSB−CRU,FPi

+ LMB−CRU,FPi
. (2.19)

The number of DRUs in each frequency partition is denoted by LDRU,FPi
, where

LDRU,FPi
= FPSi − LCRU,FPi

. (2.20)

and FPSi is the number of PRUs allocated to FPi.

The mapping from PRUFPi
to CRUFPi

is given by

CRUFPi[j] =

{
PRUFPi[j], 0 ≤ j < LSB−CRU,FPi

· N1, 0 ≤ i < FPCT,
PRUFPi[k + LSB−CRU,FPi

· N1], LSB−CRU,FPi
≤ j < LCRU,FP i, 0 ≤ i < FPCT.

(2.21)

where k = s[j −LSB−CRU,FPi
], with s[ ] being the CRU/DRU allocation sequence defined as

s[j] = {PermSeq(j) + DL PermBase} mod {FPSi − LSB−CRU,FPi
· N1} (2.22)

where PermSeq() is the permutation sequence of length (FPSi − LSB−CRU,FPi
) and is de-

termined by SEED = IDcell · 343 mod 210, DL PermBase is an interger ranging from 0

to 31, which is set to preamble IDcell. The mapping of PRUFPi to DRUFPi is given by

DRUFPi[j] = PRUFPi[k + LSB−CRU,FPi
], 0 ≤ j < LDRU,FP i (2.23)

where k = s[j + LCRU,FPi
− LSB−CRU,FPi

].

2.3.2 Subcarrier Permutation

The DL DRUs are used to form two stream distributed logical resource unit (DLRU)s by

subcarrier permutation. The subcarrier permutation defined for the DL distributed resource

allocations within a frequency partition spreads the subcarriers of the DRU across the whole
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distributed resource allocations. The granularity of the subcarrier permutation is equal to a

pair of subcarriers.

After mapping all pilots, the remainder of the used subcarriers are used to define the

distributed LRUs. To allocate the LRUs, the remaining subcarriers are paired into contiguous

tone-pairs. Each LRU consists of a group of tone-pairs.

Let LSC,l denote the number of data subcarriers in lth OFDMA symbol within a PRU,

i.e., LSC,l = PSC − nl, where nl denotes the number of pilot subcarriers in the lth OFDMA

symbol within a PRU. Let LSP,l denote the number of data subcarrier-pairs in the lth

OFDMA symbol within a PRU and is equal to LSC,l/2. A permutation sequence PermSeq()

is defined in section 2.3.3, performs the DL subcarrier permutation as follows. For each lth

OFDMA symbol in the subframe:

1. Allocate the nl pilots within each DRU as described in Section 2.3.3. Denote the data

subcarriers of DRUFPi[j] in the lth OFDMA symbol as

SCFPi
DRU,j,l[k], 0 ≤ j < LDRU,FP i, 0 ≤ k < LSC,l. (2.24)

2. Renumber the LDRU,FP i · LSC,l data subcarriers of the DRUs in order, from 0 to

LDRU,FP i · LSC,l − 1. Group these contiguous and logically renumbered subcarriers

into LDRU,FP i · LSP,l pairs and renumber them from 0 to LDRU,FP i · LSP,l − 1. The

renumbered subcarrier pairs in the lth OFDMA symbol are denoted as

RSPFPi,l[u] = {SCFPi
DRUj,l[2v], SCFPi

DRUj,l[2v + 1]}, 0 ≤ u < LDRU,FP iLSP,l, (2.25)

where j = ⌊u/LSP,l⌋, v = {u} mod (LSP,l).

3. Apply the subcarrier permutation formula to map RSPFPi,l into the sth distributed

LRU, s = 0, 1, . . . , LDRU,FP i − 1, where the subcarrier permutation formula is given by

SCFPi
LRUs,l[m] = RSPFPi,l[k], 0 ≤ m < LSP,l, (2.26)
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where

k = LDRU,FP i · f(m, s, l) + g(PermSeq(), s, m, l). (2.27)

In the above,

1. SCFPi
LRUs,l[m] is the mth subcarrier pair in the lth OFDMA symbol in the sth distributed

LRU of the tth AAI subframe;

2. m is the subcarrier pair index, 0 to LSP,l − 1;

3. l is the OFDMA symbol index, 0 to Nsym − 1;

4. s is the distributed LRU index, 0 to LDRU,FP i − 1;

5. PermSeq() is the permutation sequence of length LDRU,FP i and is determined by

SEED = {IDcell · 1367} mod 210; and

6. g(PermSeq(), s, m, l) is a function with value from the set [0,LDRU,FP i-1], which is

defined according to

g(PermSeq(), s, m, l) = {PermSeq[{f(m, s) + s + l} mod {LDRU,FP i}]

+DL PermBase} mod LDRU,FP i (2.28)

where DL PermBase is an integer ranging from 0 to 31 (Section 2.3.3), which is set

to preamble IDcell, and f(m, s, l) = (m + 13 · (s + l))mod LSP,l.

2.3.3 Random Sequence Generation

The permutation sequence generation algorithm with 10-bit SEED (Sn−10, Sn−9, ..., Sn−1)

shall generate a permutation sequence of size M according to the following process:

• Initialization
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1. Initialize the variables of the first order polynomial equation with the 10-bit seed,

SEED. Set d1 = ⌊SEED/25⌋ + 619 and d2 = SEED mod 25.

2. Initialize the maximum iteration number, N = 4.

3. Initialize an array A with size M to contents 0, 1, . . . , M − 1(i.e.,A[i] = i,

for0 ≤ i < M).

4. Initialize the counter i to M − 1.

5. Initialize x to −1.

• Repeat the following steps if i > 0

1. Increment x by i.

2. Calculate the output variable of y = {(d1 · x + d2) mod 1031} mod M .

3. If y ≤ i, set y = y mod (i + 1).

4. Swap A[i] and A[y].

5. Decrement i by 1.

• PermSeq[i] = A[i],where 0 ≤ i < M .

2.4 Test Case Generation

We set some system parameters to build a frame as a test case. The parameters are as given

below. We will walk through some of the derived mappings in subsequent subsections.

• NPRU = 48

• SAC = 6

• KSB = 7
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Table 2.2: Mapping Between PRU Index and PRUSB Index for the Test Case
PRUSB Index 0 1 2 3 4 5 6 7 8 9 10 11 12 13
PRU Index 40 41 42 43 4 5 6 7 12 13 14 15 20 21

PRUSB Index 14 15 16 17 18 19 20 21 22 23 24 25 26 27
PRU Index 22 23 28 29 30 31 36 37 38 39 44 45 46 47

• KMB = 20

• LSB = N1 · KSB = 28

• Nsub = 12

• FPC = 1

• FPCT = 4

• FP0:FP1:FP2:FP3 = 1:1:1:1

• FPSC = 2

• ID Cell = 2

• SEED = 343

• DL PermBase = 0

2.4.1 Subband Partitioning

The 48 PRUs map to the subbands according the formulas described in Section 2.3.1.

Fig. 2.17 illustrates the PRU to PRUSB mapping for a 10 MHz bandwidth with KSB = 6.

Table 2.2 shows the resulting mapping between the PRU index and the PRUSB index.
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Figure 2.17: PRU to PRUSB mapping for the test case.
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Table 2.3: Mapping Between PRU Index and PPRUMB Index for the Test Case

PRUMB Index 0 1 2 3 4 5 6 7 8 9
PRU Index 0 1 2 3 8 9 10 11 16 17

PRUMB Index 10 11 12 13 14 15 16 17 18 19
PRU Index 18 19 24 25 26 27 32 33 34 35

Table 2.4: Mapping Between PRUMB Index and PPRUMB Index for the Test Case

PPRUMB Index 0 1 2 3 4 5 6 7 8 9
PRUMB Index 0 8 16 24 32 1 9 17 25 33

PPRUMB Index 10 11 12 13 14 15 16 17 18 19
PRUMB Index 2 10 18 26 34 3 11 19 27 35

2.4.2 Miniband Partitioning

The remainder of the PRUs are allocated to minibands according the formulas given pre-

viously. Fig. 2.18 illustrates the PRU to PRUMB mapping for a 10 MHz bandwidth with

KMB = 20. Table 2.3 shows the resulting mapping between the PRU index and the PRUMB

index.

2.4.3 Miniband Permutation

The miniband permutation maps the PRUMBs to Permuted PRUMBs (PPRUMBs) to ensure

that frequency diverse PRUs are allocated to each frequency partition. The mapping rule

is as described previously. Fig. 2.19 illustrates the PRUMB to PPRUMB mapping for a

10 MHz bandwidth with KMB = 20. Table 2.4 shows the resulting mapping between the

PRUMB index and the PPRUMB index.
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Figure 2.18: PRU to PRUMB mapping for the test case.
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Figure 2.19: PRUMB to PPRUMB mapping for the test case.

Table 2.5: Mapping Between PRUSB Index, PPRUMB Index, and PRUFP1 Index for the
Test Case

PRUFP1 index 0 1 2 3 4 5 6 7 8 9 10 11
PRUSB index 0 1 2 3 x x x x x x x x

PPRUMB index x x x x 0 1 2 3 4 5 6 7

2.4.4 Frequency Partitioning

The PRUSB and PPRUMB are allocated to the frequency partitions. There are 4 frequency

partitions used because FPCT = 4. The PRUSB and PPRUMB map to frequency partitions

1, 2, 3, and 4 according the formulas given previously. Fig. 2.20 illustrates the PRUSB and

PPRUMB to frequency partitions mapping for a 10 MHz bandwidth. Tables 2.5 through 2.8

show the resulting mapping between the PRUSB index, PPRUMB index, and PRUFPi index

for 1 ≤ i ≤ 4.
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Figure 2.20: PRUSB and PPRUMB to PRUFP1 mapping for the test case.
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Table 2.6: Mapping Between PRUSB Index, PPRUMB Index, and PRUFP2 Index for the
Test Case

PRUFP2 index 0 1 2 3 4 5 6 7 8 9 10 11
PRUSB index 4 5 6 7 8 9 10 11 x x x x

PPRUMB index x x x x x x x x 8 9 10 11

Table 2.7: Mapping Between PRUSB Index, PPRUMB Index, and PRUFP3 Index for the
Test Case

PRUFP3 index 0 1 2 3 4 5 6 7 8 9 10 11
PRUSB index 12 13 14 15 16 17 18 19 x x x x

PPRUMB index x x x x x x x x 12 13 14 15

Table 2.8: Mapping Between PRUSB Index, PPRUMB Index, and PRUFP4 Index for the
Test Case

PRUFP4 index 0 1 2 3 4 5 6 7 8 9 10 11
PRUSB index 20 21 22 23 24 25 26 27 x x x x

PPRUMB index x x x x x x x x 16 17 18 19

Table 2.9: Random Sequence for the Test Case

k 0 1 2 3 4 5 6 7
PermSeq[k] 2 1 0 3 4 5 6 7

2.4.5 Random Sequence

We generate a random sequence with ID Cell = 2, DL PermBase = 0. Then SEED =

{ID Cell × 1367} mod 210 = 343. The random sequence is generated according to the

formulas given previously. Table 2.9 shows the random sequence.
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Table 2.10: Mapping Between PRUFP1 Index and CRUFP1/DRUFP1 Index

PRUFP1 index 0 1 2 3 4 5 6 7 8 9 10 11
CRUFP1 index 0 1 2 3 4 5 6 7 x x x x
DRUFP1 index x x x x x x x x 0 4 3 2

PQRS
TUVW
XYUTUU

PQRS
TUVW
XYUTUU

Figure 2.21: The mapping of PRUFP1s to CRU/DRU for the test case.

2.4.6 CRU/DRU Allocation

The PRUFP1s map to the CRUs and DRUs according to the formulas given previously.

Fig. 2.21 illustrates the PRUFP1 to CRU/DRU mapping for a 10 MHz bandwidth. Table 2.10

show the resulting mapping between the PRUFP1 index and the CRU/DRU index.

2.5 MIMO Midamble [10]

Again this section is mainly taken from [10]. MIMO midamble is used for preferred matrix

index (PMI) selection in CL MIMO. For open loop (OL) MIMO, midamble can be used to

calculate channel quality index (CQI). MIMO midamble shall be transmitted every frame on

the second DL AAI subframe. The midamble signal occupies the first OFDMA symbol in a
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DL type-1 or type-2 AAI subframe. For type-1 AAI subframe, the remaining 5 consecutive

symbols form a type-3 AAI subframe. For type-2 AAI subframe, the remaining 6 consecutive

symbols form a type-1 AAI subframe. The MIMO midamble signal transmitted by the ABS

antenna is defined

s(t) = Re

{

ej2πfct

k=Nused−1∑

k=0

k 6=
Nused − 1

2

bke
j2π(k−

Nused − 1

2
)∆f(t−Tg)

}

(2.29)

where bk is a coefficient modulating a subcarrier in the midamble symbol

bk =






2.18 · {1 − (2G([k + u + offset(fft)] mod fft))}, k 6=
Nused − 1

2
and

(k − s) mod (3 × Nt) = 3g + (⌊
IDcell

256
⌋ + ⌊

k − s

N1 − NSC

)⌋ mod 3,

0, otherwise.

(2.30)

where k is the subcarrier index (0 ≤ k ≤ Nused −1), Nused is the number of used subcarriers,

G(x) is the Golay sequence defined in Fig. 2.22 (0 ≤ x ≤ 2047), fft is the FFT size used,

u is a shift value given by u = mod (IDcell, 256), offset(fft) is an FFT size specific

offset as defined in Fig. 2.23, g is an advanced base station (ABS) transmit antenna index

(0 ≤ g ≤ Nt − 1), Nt is the number of ABS transmit antennas, parameter s = 0 for

k ≤
Nused − 1

2
and s = 1, for k >

(Nused − 1)

2
. An example of the physical structure of

the MIMO midamble is shown in Fig. 2.24 for the case with 4 transmit (TX) antennas and

IDcell = 0. In Fig. 2.22, the hexadecimal series should be read as a sequence of bits where

each 16-bit word starts at the most significant bit (MSB) and ends at the least significant

bit (LSB) where the second word’s MSB follows. The first bit of the sequence is referenced

as having offset 0.
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Figure 2.22: OFDMA parameters (Table 793 in [10]).ZZ[ \]^_ `aab_cdefg heiedf jekid fe
Figure 2.23: OFDMA parameters (from [10, Table 794]).

Figure 2.24: Example of MIMO midamble structure for the case of 4 transmit antennas
(Figure 502 in [10]).
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2.6 Usage of Downlink Pilots [10]

Again this section is mainly taken from [10]. The demodulation pilots in a given PRU on

a given pilot stream shall be precoded the same way as the data transmitted on the same

stream in that PRU. In DLRU the data transmitted in a given PRU on a given stream may

be sent to several advanced mobile station (AMS)s but in different tones using the same

precoder.

Two pilot streams shall always be transmitted in the DLRUs, whether inside or outside

the OL region type 0, and whether or not data is being transmitted by the ABS in all

DLRUs. If no data are transmitted by the ABS on all or some contiguous logical resource

unit (CLRU)s in the OL region type 1 or type 2, then maxMt pilots shall still be transmitted

across all CLRUs in that OL region. If no data are transmitted by the ABS on all or some

CLRUs outside any OL region, then pilots shall not be transmitted on the CLRUs where no

data are sent.

The precoder may be adaptive (user-specific) or non-adaptive (non user-specific) depend-

ing on the DL MIMO mode. Non-adaptive precoders are determined according to the DL

MIMO mode, the number of streams, the type of LRU, operation inside or outside the OL

region, and the physical index of the subband or miniband where the precoder is applied.

In MU-MIMO transmissions in CLRU each pilot stream is dedicated to one AMS. The

AMS shall use its dedicated pilot stream for channel estimation within the allocation. Other

pilot streams may be used for inter-stream interference estimation. The total number of

streams in the transmission and the index of the dedicated pilot stream are indicated in

the DL Basic Assignment A-MAP IE, DL Persistent Allocation A-MAP IE or DL Subband

Assignment A-MAP IE.

Channel estimation for demodulation of data burst at AMS should be performed as
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follows:

• In DLRU: the 2-streams non-adaptively precoded common pilots across the DLRU

should be used for channel estimation by all AMSs allocated a burst in the DLRU.

Within each frequency partition, all pilots are shared by all AMSs for demodulation in

DLRU. Only the pilots located within a physical subband should be used for channel

estimation within that subband.

• In CLRU: The AMS should use its dedicated pilot streams for channel estimation in

the allocation. Pilots are not shared by AMSs for demodulation in CLRU, whether

they are non-adaptively or adaptively precoded.

MIMO feedback measurements at the AMS should be performed as follows:

• For MIMO feedback reports requested with a MIMO feedback mode for operation in

an OL region, measurements should be taken on the max Mt streams non-adaptively

precoded pilots in that OL region. All pilots are shared by all AMSs for MIMO feedback

measurements in each OL region.

Wideband CQI reports inside OL region should be averaged over OL region pilots

of the PRUs in the frequency partition 0.

• For MIMO feedback reports requested with a MIMO feedback mode for operation out-

side the OL region, measurements should be taken on the downlink MIMO midamble.

Wideband CQI reports outside OL region (measured on MIMO midamble) should

be averaged over the frequency partition indicated by Frequency Partition Indicator

(PFI) in Feedback Allocation A-MAP IE or according to FPCT for feedback allocated

by Feedback Polling A-MAP IE.
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For reports requested with a MIMO feedback mode for OL MIMO operation, the

AMS should adjust the non-precoded MIMO channel estimated from the midamble by

applying it with the non-adaptive precoder according to the MIMO feedback modes

(MFM), the subband index and assumption on space time code(STC) rate.

For reports requested with a MIMO feedback mode for CL MIMO operation, the

AMS should adjust the non-precoded MIMO channel estimated from the midamble

with an estimated adaptive precoder.

Subband CQI reports (inside and outside OL region) should be reported for sub-

bands in subband logical resource unit (SLRU)s indicated by superframe header(SFH).

2.7 Downlink control structure [10]

Again this section is mainly taken from [10].

2.7.1 Advanced Preamble

There are two types of Advanced Preamble (A-Preamble): primary advanced preamble (PA-

Preamble) and secondary advanced preamble (SA-Preamble). One PA-Preamble symbol and

three SA-Preamble symbols exist in a superframe. An A-Preamble symbol is located at the

first symbol of a frame. The PA-Preamble is located at the first symbol of the second frame

in a superframe while a SA-Preamble is located at the first symbol of each of the remaining

three frames. Fig. 2.25 depicts the location of A-Preamble symbols.

2.7.2 Primary Advanced Preamble (PA-Preamble)

The length of sequence for PA-Preamble is 216 regardless of the FFT size. PA-Preamble

carries the information of system bandwidth and carrier configuration. With the subcarrier
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Figure 2.25: Location of the A-Preamble symbols (Figure 506 in [10]).

index 256 reserved for DC, the allocation of subcarriers is given by

PAPreambleCarrierSet = 2 · k + 41 (2.31)

where PAPreambleCarrierSet specifies all subcarriers allocated to the PA-Preamble and k

is a running index from 0 to 215. Fig. 2.26 depicts the symbol structure of the PA-Preamble

in the frequency domain.

Fig. 2.27 lists the sequences of the PA-Preamble in hexadecimal format. A series is

Figure 2.26: Symbol structure of PA-Preamble in frequency domain (Figure 507 in [10]).
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Figure 2.27: Sequences of PA-Preamble in frequency domain (from [10, Table 796]).

mapped onto subcarriers in ascending order, MSB first, with 0 mapped to +1 and 1 mapped

to −1.

The sequences of indexes from 3 to 9 in the figure are reserved for the irregular nominal

channel bandwidth to support tone dropping. The magnitude boosting levels in single carrier

mode for different FFT sizes are shown in Fig. 2.28.
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Figure 2.28: Boosting factors for PA-Preamble symbols (Table 797 in [10]).

2.7.3 Secondary Advanced Preamble (SA-Preamble)

The number of subcarriers allocated for SA-Preamble NSAP are 144, 288, and 576 for 512-

FFT, 1024-FFT, and 2048-FFT, respectively. The allocation of subcarriers is according

to

SAPreambleCarrierSetn = n + 3 · k + 40 ·
NSAP

144
+ ⌊

2 · k
NSAP

⌋ (2.32)

where SAPreambleCarrierSetn specifies all subcarriers allocated to the specific SA-Preamble,

n is the index of the SA-Preamble carrier-set 0, 1 and 2 representing segment ID, k is a run-

ning index 0 to NSAP − 1 for each FFT size and the subcarrier indexes 256, 512, and 1024

are reserved for DC for 512-FFT, 1024-FFT, and 2048-FFT, respectively. No circular shift is

assumed in the above equation. Each segment uses an SA-Preamble composed of a carrier-

set out of the three available carrier-sets in that segment i uses SA-Preamble carrier-set i

where i = 0, 1, 2. Each cell has an integer value IDcell from 0 to 767. The IDcell is defined

by segment index and an index per segment as

IDcell = 256n + Idx (2.33)

where n is the index of the SA-Preamble carrier-set 0, 1 and 2 representing segment ID and

Idx = 2 mod (128, n) + ⌊q/128⌋ (2.34)

with q being a the running index from 0 to 255. SA-Preamble sequences are partitioned and

each partition is dedicated to a specific BS type like macrocell ABS, macro hotzone ABS,

femto ABS. The BS types are categorized into macro ABS and non-macro ABS cells by hard

partition with 258 sequences (86 sequences per segment, 3 segments) dedicated for macro
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ABS. The non-macro ABS information is broadcasted in a hierarchical structure, which is

composed of S-SFH SP3 and AAI SCD messages. In S-SFH SP3, non-macro ABS cell type

is partitioned into public and closed subscriber group (CSG) femto BSs. A total of 16 cases

of IDcell partition for public and CSG-femto ABSs constitude IDcell partitions based on a

30 sequence (10 sequences per segmentation) granularity.

2.8 DL Control Channels [10]

Again this section is mainly taken from [10]. DL control channels convey information essential

for system operation. Information on DL control channels is transmitted hierarchically over

different time scales from the superframe level to the AAI subframe level. In mixed mode

operation (WirelessMAN-OFDMA/Advanced Air Interface), an AMS can access the system

without decoding WirelessMAN-OFDMA FCH and MAP messages.

2.8.1 Superframe Header

The Superframe Header (SFH) carries essential system parameters and system configuration

information. The SFH is located in the first AAI subframe within a superframe. The SFH

uses the last 5 OFDM symbols within the first AAI subframe.

All PRUs in the first AAI subframe of a superframe have 5 OFDM symbols with the 2

stream pilot pattern. The resource mapping process in the SFH AAI subframe is as follows.

The AAI subframe where SFH is located always has one frequency partition FP0. All NPRU

PRUs in the AAI subframe where SFH is located are permuted to generate the distributed

LRUs. The permutation and frequency partition of the SFH AAI subframe can be described

by DSAC = 0 (all minibands, without subband), DFPC = 0 (reuse 1 only), DCASSB0 = 0

(no subband CRU allocated), and DCASMB0 = 0 (no miniband CRU allocated).
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Figure 2.29: Parameters and values for resource allocation of SFH (from [10, Table 806]).

The SFH occupies the first NSFH distributed LRUs in the first AAI subframe of a su-

perframe where NSFH ≤ 24. The remaining distributed LRUs in the first AAI subframe of

a superframe are used for other control and data transmission. The SFH is divided into two

parts: Primary Superframe Header (P-SFH) and Secondary Superframe Header (S-SFH).

Figure 2.29 describes the parameters and values for resource allocation of the SFH.

2.8.2 Primary Superframe Header

The Primary Superframe Header (P-SFH) shall be transmitted in every superframe. The first

NP−SFH distributed LRUs of the first AAI subframe are allocated for P-SFH transmission,

where NP−SFH is a fixed value.

2.8.3 Secondary Superframe Header

The Secondary Superframe Header (S-SFH) may be transmitted in every superframe. If the

S-SFH is present, the S-SFH shall be mapped to the NS−SFH distributed LRUs following

the NP−SFHdistributed LRUs. The value of NS−SFH is indicated in P-SFH IE. The S-SFH

can be repeated over two consecutive superframes. The information transmitted in S-SFH is

divided into three sub-packets. The sub-packets of S-SFH are transmitted periodically where

each sub-packet has a different transmission periodicity as illustrated in Fig. 2.30. The “SP

45



Figure 2.30: Illustration of periodic transmission of S-SFH SPs with example transmission
periodicity of 40 ms, 80 ms and 160 ms for SP1, SP2 and SP3, respectively (Figure 515 in
[10]).

scheduling periodicity information” field of S-SFH SP3 is used to indicate the transmission

periodicity of the S-SFH SPs (1, 2, 3). Fig. 2.31 shows the transmission periodicity of

different S-SFH SPs for different values of “SP scheduling periodicity information” field.

When there is no S-SFH SP in the SFH, the SFH resources are used for transmitting

other control information or A-MAP.

2.8.4 Advanced MAP (A-MAP)

The Advanced MAP (A-MAP) carries unicast service control information. Unicast service

control information consists of user-specific control information and non-user-specific control

information. User-specific control information is further divided into assignment information,

HARQ feedback information, and power control information, and they are transmitted in

the assignment A-MAP, HARQ feedback A-MAP, and power control A-MAP, respectively.

All the A-MAPs share a region of physical resources called A-MAP region. A-MAP regions

shall be present in all DL unicast AAI subframes. When default TTI is used, DL data

allocations corresponding to an A-MAP region occupy resources in the AAI subframe where

the A-MAP region is located Figure 2.32 illustrates the location of A-MAP region in the
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Figure 2.31: Transmission Periodicity of S-SFH SPs (from [10, Table 807]).����� ����� ����� ����� �� !" �� !# �� !$ �� !%&'()* &'()+ &'(), &'()-

Figure 2.32: Example of locations of A-MAP regions in a TDD system (From [10, Fig 516]).

TDD mode.

If FFR is used in a DL AAI subframe, both the reuse 1 partition and the power-boosted

reuse 3 partition may contain an A-MAP region. In a DL AAI subframe, non-user specific,

HARQ feedback, and power control A-MAPs are located in a frequency partition called the

primary frequency partition. The primary frequency partition can be either the reuse 1

partition or the power-boosted reuse 3 partition, which is indicated by ABS through S-SFH

SP1 IE. Assignment A-MAP can be in the reuse 1 partition or the power-boosted reuse 3

partition or both. The number of assignment A-MAPs in each frequency partition is signaled

through non-user specific A-MAP.

The structure of an A-MAP region is illustrated in the example in Figure 2.33. The

resource occupied by each A-MAP may vary depending on the system configuration and

scheduler operation.

In DL AAI subframes other than the first AAI subframe of a superframe, an A-MAP

region consists of the first NA−MAP distributed LRUs in a frequency partition and the LRUs
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Figure 2.33: Structure of an A-MAP region (Figure 517 in [10]).

are formed from PRUs with Nsym symbols. In the first DL AAI subframe of a superframe,

the A-MAP region consists of the first NA−MAP distributed LRUs after NSFH distributed

LRUs occupied by SFH.

2.8.5 Non-user Specific A-MAP

Non-user-specific A-MAP consists of information that is not dedicated to a specific user or

a specific group of users. The AMS should firstly decode the non-user-specific A-MAP in

the primary frequency partition to obtain the information needed for decoding assignment

A-MAPs and HF A-MAPs. The resource occupied by non-user specific information is of

fixed size.

2.8.6 HARQ Feedback A-MAP

HARQ feedback A-MAP carries HARQ ACK/NACK information for uplink data transmis-

sion.
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2.8.7 Power Control A-MAP

Power Control A-MAP carries fast power control command to AMS.

2.8.8 Assignment A-MAP

Assignment A-MAP contains resource assignment information which is categorized into mul-

tiple types of assignment A-MAP IEs. Each assignment A-MAP IE is coded separately and

carries information for one or a group of AMSs. The minimum logical resource unit in the

assignment A-MAP is called MLRU, consisting of NMLRU = 56 data tones.

The assignment A-MAP IE shall be transmitted with one MLRU or multiple concatenated

MLRUs in the A-MAP region. The number of logically contiguous MLRUs is determined

based on the assignment A-MAP IE size and channel coding rate, where channel coding rate

is selected based on AMS link condition.

Assignment A-MAP IEs are grouped together based on channel coding rate. Assignment

A-MAP IEs in the same group are transmitted in the same frequency partition with the same

channel coding rate. Each assignment A-MAP group contains several logically contiguous

MLRUs. The number of assignment A-MAP IEs in each assignment A-MAP group is signaled

through non-user specific A-MAP in the same AAI subframe.

If two assignment A-MAP groups using two channel coding rates are present in an A-

MAP region, assignment A-MAP group using lower channel coding rate is allocated first,

followed by assignment A-MAP group using higher channel coding rate.

If a broadcast assignment A-MAP IE, i.e., the assignment A-MAP IE intended for all the

AMSs, exists in a DL AAI subframe, it shall be present at the beginning of either assignment

A-MAP group 1 or assignment A-MAP group 3.

All the multicast assignment A-MAP IEs, i.e., all the assignment A-MAP IEs intended for
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Figure 2.34: Physical processing block diagram for the P-SFH (Figure 518 in [10]).

a specific group of AMSs, present in any assignment A-MAP group, shall occupy a contiguous

set of MLRUs starting from the beginning of the assignment A-MAP group. If the broadcast

assignment A-MAP IE is present in the assignment A-MAP group, the multicast assignment

A-MAP IEs are located right after the broadcast assignment A-MAP IE. The Group Resource

Allocation A-MAP IE is an example of multicast assignment A-MAP IEs.

All the unicast assignment A-MAP IEs intended for a particular AMS shall be transmitted

in the same assignment A-MAP group. The DL/UL Basic Assignment A-MAP IEs are an

example of unicast assignment A-MAP IEs.

The maximum number of assignment A-MAP IEs in one AAI subframe that the ABS

may allocate to an AMS is 8. This number includes all of the assignment A-MAP IEs that

are required to be considered by the AMS (its STID, group ID of GRA, Broadcast ID). For

a segmentable assignment A-MAP IE (assignment A-MAP IE that occupies more than 1

MLRU in QPSK 1/2, each segment is counted as 1 assignment A-MAP IE.

2.9 Resource Mapping of DL Control Channels [10]

Again this section is mainly taken from [10].
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Figure 2.35: Physical processing block diagram for the S-SFH (Figure 519 in [10]).

2.9.1 Superframe Header

Primary Superframe Header

The P-SFH IE shall be appended with 5 bits CRC. The generating polynomial is G(x) =

x5 + x4 + x2 + 1. The resulting sequence of bits shall be encoded by the TBCC with

parameter M = NRep,P−SFH and Kbufsize = 4L, where L is the number of information bits

and NRep,P−SFH is the number of repetition for effective code rate of 1/16 or 1/24.

The modulated symbols shall be mapped to two transmission streams using SFBC. The

two streams using SFBC shall be precoded and mapped to the transmit antennas.

Antenna specific symbols at the output of the MIMO encoder/precoder shall be mapped

to the resource elements.

Secondary Superframe Header

Figure 519 shows the physical processing block diagram for the S-SFH.

The S-SFH IE shall be appended with a 16-bit CRC.

The resulting sequence of bits shall be encoded by the TBCC with parameter M =

NRep,S−SFHKbufsize and Kbufsize = 4L, where L is the number of information bits.

The value of NRep,S−SFH is indicated in P-SFH.

The encoded bit sequences shall be modulated using QPSK.

The modulated symbols shall be mapped to two transmission streams using SFBC. The
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Figure 2.36: Chain of non-user specific A-MAP IE to non-user specific A-MAP symbols
(Figure 520 in [10]).

two streams using SFBC shall be precoded and mapped to the transmit antennas.

Antenna specific symbols at the output of the MIMO encoder/precoder shall be mapped

to the resource elements.

Advanced MAP (A-MAP)

SFBC with precoding shall be used for the A-MAP region.

Non-user Specific A-MAP

The coding chain for non-user-specific A-MAP IE to non-user-specific A-MAP symbols is

shown in Figure 2.36. The non-user specific A-MAP IE is encoded by TBCC with parameter

M = 3Kbufsize and Kbufsize = 4L for 1/12 code, where L is the number of information bits.

In FFR configurations, the non-user specific A-MAP is also encoded with a code rate of

1/12 when it is in the frequency reuse 1 partition. When the non-user specific A-MAP

is in the power-boosted frequency reuse 3 partition, it should be encoded with parameter

M = Kbufsize = 4L for 1/4 code rate. The encoded sequence is modulated using QPSK.

For each Tx antenna, symbols at the output of MIMO encoder, denoted by SNUS[0] to

SNUS [LNUS − 1], are mapped to tone-pairs from RMP [(LHF + LPC)/2] to RMP [(LHF +

LPC + LNUS)/2 − 1], where RMP refers to the renumbered A-MAP tone-pairs and LHF is

the number of tones required to transmit the entire HARQ feedback A-MAP; LPC is the

number of tones required to transmit the entire power control A-MAP; LNUS is the number
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Figure 2.37: Chain of HF-A-MAP IE to HF-A-MAP symbols (Figure 521 in [10]).

of tones required to transmit the non-user specific-A-MAP.

HARQ Feedback A-MAP

HARQ feedback A-MAP (HF-A-MAP) contains HARQ-feedback-IEs for ACK/NACK feed-

back information to uplink data transmission.

Figure 2.37 shows the construction procedure of HF-A-MAP symbols from HF-A-MAP-

IE. Each HF-A-MAP IE carries 1 bit information. Firstly, it is repeated NRep,HF−A−MAP

times, where NRep,HF−A−MAP is 8. Then, Repeated HF-A-MAP IE bits are scrambled by

the NRep,HF−A−MAPLSBs of the STID of the associated AMS. Depending on the channel

conditions, power scaling can be applied to each scrambled sequence. Before MIMO encod-

ing, each scrambled sequence is mapped to either real part or imaginary part in the signal

constellation and multiplexed with other scrambled sequence, if exist.

Figure 2.37 shows a cluster of HF-A-MAP channels, which consists of 4 HF-A-MAP

channels numbered as 4c, 4c + 1, 4c + 2, 4c + 3 where c is the HF-A-MAP cluster index in

a HF-A-MAP region. Channel 4c in the cluster occupies the real part of the first symbol

in each tone pair before the SFBC encoder. Channel 4c + 1 in the cluster occupies the

imaginary part of the first symbol in each tone pair before the SFBC encoder. Channel
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4c + 2 in the cluster occupies the real part of the second symbol in each tone pair before

the SFBC encoder. Channel 4c + 3 in the cluster occupies the imaginary part of the second

symbol in each tone pair before the SFBC encoder.

For each Tx antenna, symbols at the output of MIMO encoder, denoted by SHF [0] to

SHF [LHF−1], are mapped to tone-pairs from RMP [0] to RMP [LHF /2−1], where RMP refers

to the renumbered A-MAP tone-pairs and LHF is the number of tones required to transmit

the entire HARQ feedback A-MAP. Clusters of the HF-A-MAP are indexed sequentially

from index 0 within an HF-A-MAP region in the mapping process.

There is one HF-A-MAP region in each DL AAI subframe. Within each HF-A-MAP

region, the index for HF-A-MAP channel is calculated as follows.

For the deallocation of a persistent allocation, the HF-A-MAP resource index is specified

in the HFA the of UL Persistent Allocation A-MAP IE.

For group resource allocation, the HF-A-MAP resource index for the lth AMS in the

GRA allocation is (istart + ⌊l · NHF−A−MAP/NGRA⌋) mod NHF−A−MAP , where istart is the

ACK Channel Offset in the UL group resource allocation A-MAP IE, NHF−A−MAP is the

total number of HF-A-MAP configured per HF-A-MAP region, and NGRA is the User Bit

Map Size in the UL group resource allocation A-MAP IE.

For the BR-ACK A-MAP IE, the HF-A-MAP resource index for the lth AMS grant in

the BR-ACK bitmap is (istart +⌊l ·NHF−A−MAP/NBR−ACK⌋) mod NHF−A−MAP , where istart

is the HFA start offset in the BR-ACK A-MAP IE, NHF−A−MAP is the total number of HF-

A-MAP channels configured per HF-A-MAP region, and NBR−ACK is the number of AMSs

with grants in the BR-ACK A-MAP IE.

For resource allocation using the UL Basic Assignment A-MAP IE, UL Subband Assign-

ment A-MAP IE, CDMA Allocation A-MAP IE and the UL Persistent Allocation A-MAP
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Figure 2.38: Chain of PC-A-MAP IE to PC-A-MAP symbols (Figure 522 in [10]).

IE, the HF-A-MAP resource index is (M(j) + n) mod NHF−A−MAP , where j is HF-A-MAP

Index Parameter in the Non-user specific A-MAP IE, n is a 3 bit HFA value in each assign-

ment A-MAP IE, NHF−A−MAP is the total number of HF-A-MAP channels configured per

HF-A-MAP region. M(j) is STID for the UL Basic Assignment A-MAP IE and UL Subband

Assignment A-MAP IE and RA-ID for CDMA Allocation A-MAP IE when j = 0 and M(j)

is the lowest LRU index of the corresponding UL transmission when j = 1. For the UL

persistent allocation A-MAP IE, M(j) is always STID regardless of value j.

Power Control A-MAP

Power Control A-MAP (PC-A-MAP) contains PC-A-MAP-IEs for closed-loop power control

of the uplink transmission. The ABS shall transmit PC-A-MAP-IE to every AMS which

operates in closed-loop power control mode.

Figure 2.38 shows the construction procedure of PC-A-MAP symbols from PC-A-MAP-

IE. The ith PC-A-MAP-IE shall have the size of 2 bits according to power correction value.

The ith and (i+1)th PC-A-MAP IEs shall be mapped to two QPSK symbols as depicted

in Figure 2.38. Only the ith PC-A-MAP may also be mapped to two QPSK symbols for

transmitting to the corresponding MS with poor channel quality.

Power scaling by sqrt(Pi)(0 ≤ i ≤ NPC−A−MAP−IE) shall be applied to the ith PC-A-
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Figure 2.39: Chain of A-A-MAP IE to A-A-MAP symbols (Figure 523 in [10]).

MAP-IE where NPC−A−MAP−IE is the number of PC-A-MAP-IEs and sqrt(Pi) is the value

determined by the management entity to satisfy the link performance.

The QPSK symbols are repeated Nrep,PC−A−MAP−IE times, where Nrep,PC−A−MAP−IE

equals two.

Figure 2.38 shows a cluster of PC-A-MAP channels, which consists of 2 PC-A-MAP

channels numbered as 2c and 2c + 1 where c is the PC-A-MAP cluster index in the A-MAP

region. Channel 2c in the cluster occupies the real part of both symbols in each tone pair

before the SFBC encoder. Channel 2c + 1 occupies the imaginary part of both symbols in

each tone pair before the SFBC encoder.

For each Tx antenna, symbols at the output of MIMO encoder, denoted by SPC[0] to

SPC [LPC − 1], are mapped to tone-pairs from RMP [(LHF /2] to RMP [(LHF + LPC)/2 −

1], where RMP refers to the renumbered A-MAP tone-pairs and LHF is the number of

tones required to transmit the entire HARQ feedback A-MAP; LPC is the number of tones

required to transmit the entire power control A-MAP. Clusters of the PC-A-MAP are indexed

sequentially in the mapping process.

Assignment A-MAP

The Assignment A-MAP (A-A-MAP) shall include one or multiple A-A-MAP IEs and each

A-A-MAP IE is encoded separately. Figure 2.39 describes the procedure for constructing

A-A-MAP symbols.

A 16-bit CRC is generated based on the contents of the assignment A-MAP IE. Denote the
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assignment A-MAP IE by m(x) = bN−1x
N−1+bN−2x

N−2+...+b1x+b0, where bN−1 is the MSB

of the assignment A-MAP IE and b0 is the LSB of the assignment A-MAP IE. The 16-bit CRC

is calculated as the remainder of dividing m(x)x16 by the 16-bit CRC generator polynomial

g(x) = x16+x12+x5+1. The resulted CRC is denoted by p(x) = p15x
15+p14x

14+...+p1x+p0

where p15 is the MSB of the CRC and p0 is the LSB of the CRC.

The 16-bit CRC mask is then applied to the 16-bit CRC by bitwise XOR operation.

The masked CRC is then appended to the assignment A-MAP IE, resulting in a bit

sequence of m(x) ∗ x16 + p(x)⊕ q(x). The resulting sequence of bits shall be encoded by the

TBCC.

Coded bits can be repeated to improve the robustness of an A-A-MAP channel based on

the link condition of a particular AMS.

For a given system configuration, assignment A-MAP IEs can be encoded with two

different effective code rates. The set of code rates is (1/2, 1/4) or (1/2, 1/8) and is explicitly

signaled in the S-SFH.

In case of FFR, two code rates, either (1/2, 1/4) or (1/2, 1/8), can be used in the reuse 1

partition. 1/2 or 1/4 code rate is used in the power-boosted reuse 3 partition and signaled

in the S-SFH.

The parameters for TBCC are M = Kbufsize = 2L for 1/2 code rate, M = Kbufsize = 4L

for 1/4 code rate, and M = 2Kbufsize and Kbufsize = 4L for 1/8 code rate where L is the

number of information bits. The encoded bit sequences shall be modulated using QPSK.

2.9.2 Downlink Power Control

The ABS should be capable of controlling the transmit power per AAI subframe and per

user. An ABS can exchange necessary information with neighbor ABS through backbone
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network to support downlink power control.

Power Control for A-MAP

Downlink transmit power density of A-MAP transmission for an AMS may be set in order to

satisfy target error rate for the given MCS level which is used for the A-MAP transmission.

Detail algorithm is left to vendor-specific implementations.
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Chapter 3

Introduction to IEEE 802.16m MIMO

We introduce the MIMO transmission mechanism in IEEE 802.16m. Much of the material

is taken from [10].

3.1 Downlink MIMO Architecture and Data Process-

ing [10]

This section is mainly taken from [10]. The architecture of downlink MIMO at the trans-

mitter side is shown in Fig. 3.1. The MIMO encoder block maps L MIMO layers (L ≥ 1)

onto Mt MIMO streams (Mt ≥ L), which are fed to the precoder block. For the spatial

multiplexing modes in SU-MIMO, “rank” is defined as the number of MIMO streams to

be used for the user allocated to the Resource Unit (RU). For SU-MIMO, only one user is

Figure 3.1: DL MIMO architecture (Fig.537 in [10]).
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scheduled in one RU, and only one forward error correction (FEC) block exists at the input

of the MIMO encoder (vertical MIMO encoding at transmit side). For MU-MIMO, multiple

users can be scheduled in one RU, and multiple FEC blocks exist at the input of the MIMO

encoder (horizontal MIMO encoding or combination of vertical and horizontal MIMO en-

coding at transmit side, which is called multi-layer encoding). The precoder block maps

MIMO stream(s) to antennas by generating the antenna-specific data symbols according to

the selected MIMO mode. The subcarrier mapper blocks map antenna-specific data to the

OFDM symbol.

3.2 MIMO Layer to MIMO Stream Mapping [10]

Again this section is mainly taken from [10]. MIMO layer to MIMO stream mapping is

performed by the MIMO encoder. The MIMO encoder is a batch processor that operates on

M input symbols at a time. The input to the MIMO encoder is represented by an M × 1

vector as

s =





s1

s2
...

sM




(3.1)

where si is the ith input symbol within a batch. In MU-MIMO transmissions, the M symbols

belong to different AMSs. Two consecutive symbols may belong to a single MIMO layer.

One AMS shall have at most one MIMO layer. MIMO layer to MIMO stream mapping of

the input symbols is done in the space dimension first. The output of the MIMO encoder is

an Mt × NF MIMO STC matrix as,

x = S(s), (3.2)

which serves as the input to the precoder, where Mt is the number of MIMO streams, NF

is the number of subcarriers occupied, x is the output of the MIMO encoder, s is the input

MIMO layer vector, and S() is a function that maps an input MIMO layer vector to an
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STC matrix which will be further defined specifically for various cases below. There are four

MIMO encoder formats (MEF): SFBC, vertical encoding (VE), multi-layer encoding (ME),

and conjugate data repetition (CDR). For SU-MIMO transmissions, the STC rate is defined

as R =
M

NF

For MU-MIMO transmissions, the STC rate per user (R) is equal to 1 or 2.

3.2.1 SFBC Encoding

The input to the MIMO encoder is a 2 × 1 vector

s =

[
s1

s2

]
, (3.3)

and the MIMO encoder generates the 2 × 2 SFBC matrix

x =

[
s1 −s∗2
s2 s∗1

]
. (3.4)

Where x is a 2 × 2 matrix The matrix x occupies two consecutive subcarriers.

3.2.2 Vertical Encoding (VE)

The input and the output of MIMO encoder are both the same M × 1 vector as

x = s =





s1

s2
...

sM



 (3.5)

where si, 1 ≤ i ≤ M , belong to the same MIMO layer. The encoder is an identity operation.

3.2.3 Multi-layer Encoding (ME)

The input and the output of MIMO encoder are again the same M × 1 vector

x = s =





s1

s2
...

sM



 , (3.6)
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but now si, 1 ≤ i ≤ M belong to different MIMO layers, where two consecutive symbols

may belong to a single MIMO layer. Multi-layer encoding is only used for MU-MIMO mode.

The encoder is an identity operation.

3.2.4 CDR Encoding

The input to the MIMO encoder is a 1 × 1 vector

s = s1, (3.7)

yielding

x = [s1 s∗1], (3.8)

The CDR matrix x occupies two consecutive subcarriers.

3.3 MIMO Stream to Antenna Mapping [10]

Again this section is mainly taken from [10]. MIMo stream to antenna mapping is performed

by the precoder. The output of the MIMO encoder is multiplied by an Nt ×Mt precoder W

to yield an Nt × NF matrix z as

z = Wx =





z1,1 z1,2 · · · z1,NF

z2,1 z2,2 · · · z2,NF

...
...

. . .
...

zNt,1 zNt,2 · · · zNt,NF



 (3.9)

where Nt is the number of transmit antennas and zj,k is the output symbol to be transmitted

via the jth physical antenna on the kth subcarrier. Pilots within PRU are precoded in the

same way as the data subcarriers.

3.3.1 Non-adaptive Precoding

With non-adaptive precoding, the precoding matrix is an Nt×Mt matrix W(k), where Nt is

the number of transmit antennas, Mt is the number of MIMO streams, and k is the physical
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Figure 3.2: Codebook subsets used for non-adaptive precoding in DL-DLRU and NLRU
(from [10, Table 842]).

index of the subcarrier where W(k) is applied. The precoding matrix is selected from the

base codebook or from a subset of the base codebook of size Nw for a given rank, as specified

in Figs. 3.2 and 3.3, where CDL,OL,SU(Nt, Mt, Nw) denotes a DL OL SU-MIMO codebook

subset which consists of Nw complex matrices of dimension Nt by Mt. The base codebook and

the codebook subsets are defined in Quantized MIMO feedback for CL transmit precoding.

• Non-adaptive precoding outside the OL region: In an RU allocated outside the OL

region, with MEF using SFBC or VE and non-adaptive precoding, the precoding matrix

changes every N1PSC contiguous physical subcarriers, and it does not depend on the

AAI subframe number. The Nt × Mt precoding matrix W(k) applied on subcarrier k

in physical subband s is selected as the codeword of index i in the codebook of rank

Mt specified in Figs. 3.2 or 3.3, with i given by

i = s mod Nw, s = 0,· · · , Nsub − 1, (3.10)

where Nsub denotes the number of physical subbands across the entire system band-

width. In an RU allocated outside the OL region, with MEF using ME and non-
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Figure 3.3: Codebook subsets used for non-adaptive precoding in DL-SLRU (from [10, Table
843]).

adaptive precoding, the precoding matrix changes every N1 PRUs, and it does not

depend on the AAI subframe number. The Nt × Mt precoding matrix W(k) applied

on subcarrier k in subband s is selected as any Mt unordered columns of the codeword

of index i in the codebook of rank maxMt specified in Fig. 3.3, where i is given by

( 3.10), and maxMt is specified in Feedback Allocation A-MAP IE or Feedback Polling

A-MAP IE. The AMS shall assume Mt = maxMt in the codebook of Fig. 3.2 for its

feedback of stream index.

• Non-adaptive precoding inside the OL region: In an RU allocated in the max Mt MIMO

streams OL region, the precoding matrix changes every N PRUs, where N = N1 in all

OL regions except in the OL region of type 1 with NLRU. The Nt ×max Mt precoding

matrix W(k) applied on subcarrier k in physical subband s is selected as the codeword

of index i in the codebook of rank max Mt specified in Fig. 3.2 or 3.3, with i given by

i = s mod Nw, s = 0,· · · , Nsub − 1, (3.11)

where Nsub denotes the number of physical subbands across the entire system band-
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width. In the OL region of type 1 with NLRU, N = N2, and the Nt × 1 precoding

matrix W(k) applied on subcarrier k in PRU m in AAI subframe number t is selected

as the codeword of index i in the codebook of rank max Mt = 1 specified in Fig. 3.2,

with i given by

i = (m + (t mod 2)) mod Nw, m = 0,· · · , NPRU − 1, (3.12)

where NPRU denotes the number of physical PRUs across the entire system bandwidth.

3.3.2 Adaptive Precoding

With adaptive precoding, the precoder W is derived from the feedback of the AMS. For

codebook-based adaptive precoding (codebook feedback), there are three feedback modes:

base mode, transformation mode and differential mode. For TDD sounding-based adaptive

precoding, the value of W is derived from the AMS sounding feedback.

3.4 Downlink MIMO Modes [10]

Again this section is mainly taken from [10]. There are six MIMO transmission modes for

unicast DL MIMO transmission as listed in Fig. 3.4 and 3.6. The allowed values of the

parameters for each DL MIMO mode are shown in Figure 3.6. * 2 streams to one AMS

and 1 stream to another AMS, with 1 layer each. ** 2 streams to one AMS and 1 stream

each to the other two AMSs, with 1 layer each. Mt refers to the number of MIMO streams

transmitted to one AMS with MIMO modes 0, 1, 2 and 5. Mt refers to the total number of

MIMO streams transmitted to multiple AMS on the same RU with MIMO modes 3 and 4.

3.5 Transmission Schemes for Data Channels [10]

Again this section is mainly taken from [10].
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Figure 3.4: Downlink MIMO modes (from [10, Table 844]).

3.5.1 Encoding and Precoding of SU-MIMO

Encoding of SU-MIMO Modes

• MIMO mode 0: Uses SFBC encoding.

• MIMO mode 1: Uses VE. The number of MIMO streams is Mt ≤ min(Nt, Nr) where

Nr is the number of receive antennas and Mt is no more than 8.

• MIMO mode 2: Uses VE. The number of MIMO streams is Mt ≤ min(Nt, Nr) where

Mt is no more than 8.

• MIMO mode 5: Uses CDR encoding.

• MIMO mode 0: Uses non-adaptive precoding with Mt = 2 MIMO streams.

• MIMO mode 1: Uses non-adaptive precoding with Mt MIMO streams.

• MIMO mode 2: Uses adaptive precoding.

• MIMO mode 5: Uses non-adaptive precoding with Mt = 1 stream.
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Figure 3.5: DL MIMO parameters (from [10, Table 845]).

3.5.2 Encoding and Precoding of MU-MIMO

Multi-user MIMO schemes are used to enable a resource allocation to communicate data to

two or more AMSs. Multi-user transmission with one or two MIMO streams per AMS is
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Figure 3.6: DL MIMO parameters (from [10, Table 845]).

supported for MU-MIMO. MU-MIMO includes the MIMO configuration of 2Tx antennas to

support up to two AMSs, and 4Tx or 8Tx antennas to support up to four AMSs, with one

MIMO stream per AMS. Both OL MU-MIMO (mode 3) and CL MU-MIMO (mode 4) are

supported.

Encoding of MU-MIMO Modes

• MIMO mode3: Uses multi-layer encoding.

• MIMO mode4: Uses multi-layer encoding.

Precoding of MU-MIMO Modes

• MIMO mode 3: Uses non-adaptive precoding. With OL MU MIMO inside the OL

region, the precoder W with two MIMO streams is predefined and fixed over time.

With OL MU MIMO outside the OL region, the precoder W is an Nt×Mt sub-matrix
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of a predefined Nt × max Mt matrix. The precoding matrix W used by the ABS is

given by

W(k) = [v1(k) v2(k) · · · vMt
(k)] (3.13)

where vi(k) is the precoding vector for the ith AMS on the kth subcarrier, which shall

also be used for precoding the pilot symbols on the ith pilot MIMO stream on the kth

subcarrier.

• MIMO mode 4: Uses adaptive precoding. In CL MU MIMO, the precoder W is an

Nt × Mt matrix for each subcarrier. It is used to communicate to up to M AMSs

simutaneously. The form and derivation of the precoding matrix does not need to be

known at the AMS. The ABS determines the precoding matrix based on the feedback

received from the AMS. The ABS shall construct the precoding matrix W as

W(k) = [v1(k) v2(k) · · · vMt
(k)] (3.14)

where vi(k) is the precoding vector for the ith MIMO stream on the kth subcarrier,

which shall also be used for precoding the pilot symbols on the ith pilot MIMO stream

on the kth subcarrier.

3.5.3 Mapping of Data and Pilot Subcarriers

Consecutive symbols for each antenna at the output of the MIMO precoder are mapped in a

frequency domain-first order across LRUs of the allocation, starting from the data subcarrier

with the smallest OFDM symbol index and smallest subcarrier index, and continuing to

subcarrier index with increasing subcarrier index. When the edge of the allocation is reached,

the mapping is continued in the next OFDM symbol.
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Figure 3.7: Supported Permutation for each DL MIMO mode outside the OL region (from
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Figure 3.8: Supported Permutation for each DL MIMO mode in the OL region (from [10,
Table 847]).

3.5.4 Usage of MIMO Modes

Fig. 3.7 shows permutations supported for each MIMO mode outside the OL region. All

pilots are precoded regardless of the number of transmit antennas and allocation type.

3.6 Feedback Mechanisms and Operation [10]

Again this section is mainly taken from [10].
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3.6.1 Open-Loop Region

An OL region with max Mt MIMO streams is defined as a time-frequency resource using

the max Mt MIMO streams pilot pattern and a given OL MIMO mode with Mt = max Mt

without rank adaptation. The OL region allows base stations to coordinate their OL MIMO

transmissions, in order to offer a stable interference environment where the precoders and

numbers of MIMO streams are not time-varying. The LRUs used for the OL region are

indicated in the AAI SCD message. These LRUs shall be aligned across cells. Only a

limited set of OL MIMO modes are allowed for transmission in the OL region, as specified

in Fig. 3.8. All OL MIMO modes can also be used outside the OL region except for MIMO

mode 5, as specified in Fig. 3.7. An OL region is associated with a specific set of parameters:

• type (number of MIMO streams max Mt, MIMO mode, MIMO feedback mode, type

of permutation), and

• LRUs.

There are three types of OL regions, as specified in Fig. 3.9. Dynamic switching between

MIMO modes 1 and 3 in downlink transmissions in OL region type 2 is allowed. The rank-2

precoders for transmission with MIMO mode 1 or 3 in OL region type 2 are the same on

a given subband. All BSs that are coordinated over the same OL region should use the

same number of MIMO streams, in order to guarantee low interference fluctuation and thus

improve the CQI prediction at the AMS. All pilots are precoded by non-adaptive precoding

with max Mt MIMO streams in the OL region. CQI measurements should be taken by the

AMS on the precoded demodulation pilots rather than on the DL midamble. The max Mt

precoded pilots streams shall be transmitted in all the LRUs in the OL region even if data

are not being transmitted by the ABS on some or all of the LRUs.
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Figure 3.9: Types of open-loop regions (from [10, Table 848]).

3.6.2 MIMO Feedback Mode Selection

An AMS may send an unsolicited event-driven report to indicate its preferred MIMO feed-

back mode to the ABS. Event-driven reports for MIMO feedback mode selection may be

sent on the P-FBCH during any allowed transmission interval for the allocated P-FBCH.

3.6.3 MIMO Feedback Modes

Each MIMO transmission mode can be supported by one or several MIMO feedback modes.

When allocating a feedback channel, the MIMO feedback mode shall be indicated to the

AMS, and the AMS will feedback information accordingly. The description of MIMO feed-

back modes and corresponding supported MIMO transmission modes is shown in Fig. 3.10.

Some detailed description of feedback and AMS processing are in the following subsections.

The feedback of the quantized wideband correlation matrix shall be requested by the ABS

for operation with transformation codebook-based feedback mode using the Feedback Polling

A-MAP IE. The ABS may request the feedback of the quantized wideband correlation matrix

independently of the MIMO feedback mode requested in the Feedback Allocation A-MAP
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IE. The quantized wideband correlation matrix may be used for wideband beamforming.

MIMO feedback mode 0 is used for the OL-SU SFBC and SM adaptation in diversity

permutation. The AMS estimates the wideband CQI for both SFBC and SM, and reports

the CQI and STC Rate. STC Rate 1 means SFBC with precoding and STC Rate 2 means

rank-2 SM with precoding. MIMO feedback mode 0 may also be used for CQI feedback for

sounding based beamforming. The AMS shall estimate the wideband CQI for SFBC mode

(max Mt = 0b00), and report the CQI.

MIMO feedback mode 1 is used for the OL-SU CDR with STC rate 1/2 in diversity

permutation. MIMO feedback mode 2 is used for the OL-SU SM in localized permutation

for frequency selective scheduling. The STC Rate indicates the preferred number of MIMO

streams for SM. The subband CQI shall correspond to the selected rank. MIMO feedback

mode 3 is used for the CL-SU SM in localized permutation for frequency selective scheduling.

The STC Rate indicates the preferred number of MIMO streams for SM. The subband CQI

shall correspond to the selected rank.

MIMO feedback mode 4 is used for the CL SU MIMO using wideband beamforming with

rank 1. In this mode, AMS shall feedback the wideband CQI. The wideband CQI shall be

estimated at the AMS assuming short-term or long-term precoding at the ABS, according

to the feedback period. The channel state information may be obtained at the ABS via the

feedback of the correlation matrix, or via the feedback of the wideband PMI.

MIMO feedback mode 5 is used for OL MU MIMO in localized permutation with fre-

quency selective scheduling. In the mode, AMS shall feedback the subband selection, MIMO

stream indicator and the corresponding CQI.

MIMO feedback mode 6 is used for CL MU MIMO in localized permutation with fre-

quency selective scheduling. In this mode, AMS shall feedback the subband selection, cor-

responding CQI and subband PMI. The subband CQI refers to the CQI of the best PMI
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in the subband. Rank-1 base codebook (or its subset) is used to estimate the PMI in one

subband.

MIMO feedback mode 7 is used for CL MU MIMO in diversity permutation using wide-

band beamforming MU MIMO. In this mode, AMS shall feedback the wideband CQI. The

wideband CQI shall be estimated at the AMS assuming short-term or long-term precoding at

the ABS, according to the feedback period. The channel state information may be obtained

at the ABS via the feedback of the correlation matrix. or via the feedback of the wideband

PMI.

3.6.4 Downlink Signaling Support of DL-MIMO Modes

The BS shall send some parameters necessary for DL MIMO operation in a broadcast mes-

sage. The broadcast information is carried in the S-SFH SP3 IE or in the additional broadcast

information such as AAI SCD or AAI DL IM messages. The BS shall send some param-

eters necessary for DL MIMO operation in a unicast message. The unicast information is

carried in the DL Basic Assignment A-MAP IE, DL Subband Assignment A-MAP IE, DL

Persistent A-MAP IE, Feedback Polling A-MAP IE, and Feedback Allocation A-MAP IE.

Figure 3.12 specifies the DL control parameters required for MIMO operation. When CS

indication indicates the use of a codebook subset and MFM indicates a CL SU MIMO mode

(MFM = 3 and 4), the MS shall use the SU base codebook subset of Fig. 3.13 when Nt = 4.

When CS indication indicates the use of a codebook subset and MFM indicates a CL MU

MIMO mode (MFM = 6 and 7), the MS shall use the MU base codebook subset of Fig. 3.13

when Nt = 4.
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Figure 3.10: MIMO feedback modes (from [10, Table 849]).75
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Figure 3.11: DL MIMO control parameters (from [10, Table 850]).
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Figure 3.13: Subset selection of the base codebok for four transmit antennas (from [10, Table
866]).

3.6.5 Quantized MIMO Feedback for Closed-loop Transmit Pre-
coding

An AMS feedbacks a Preferred Matrix Index (PMI) to support DL precoding. There are

three types of codebook feedback modes as follows.

• The base mode: the PMI feedback from a AMS shall represent an entry of the base

codebook. It shall be sufficient for the ABS to determine a new precoder.

• The transformation mode: the PMI feedback from a AMS shall represent an entry of

the transformed base codebook according to long term channel information.

• The differential mode: the PMI feedback from a AMS shall represent an entry of

the differential codebook or an entry of the base codebook at PMI reset times. The

feedback from a AMS provides a differential knowledge of the short-term channel infor-

mation. This feedback represents information that is used along with other feedback

information known at the ABS for determining a new precoder.

An AMS shall support the base and transformation modes and may support the differential

mode. The transformation and differential feedback modes are applied to the base codebook

or to a subset of the base codebook.

Base mode for codebook-based feedback
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Figure 3.14: Base codebook c(2,1,3) (from [10, Table 851]).

The base codebook is a unitary codebook. That is each of its matrices consists of columns

of a unitary matrix. The AMS selects its preferred matrix from the base codebook based

on channel measurements. The AMS sends back the index of the preferred codeword, and

the ABS determines the precoder W according to the index. Both ABS and AMS use

the same codebook for correct operation. The base codebooks are defined below for two,

four, and eight transmit antennas at the ABS, where the notation C(Nt, Mt, NB) denote the

codebook, which consists of 2NB complex, matrices of dimension Nt by Mt, and Mt denotes

the number of MIMO streams. The notation C(Nt, Mt, NB, i) denotes the i-th codebook

entry of C(Nt, Mt, NB).

The base codebook of SU-MIMO with two transmit antennas consist of rank-1 codebook

C(2,1,3) and rank-2 codebook C(2,2,3), as illustrated in Figs. 3.14 and 3.15, respectively.

The base codebook for MU-MIMO is the same as the rank 1 base codebook for SU-MIMO.

The base codebooks of SU-MIMO with four transmit antennas consist of rank-1 codebook

C(4,1,6), rank-2 codebook C(4,2,6), rank-3 codebook C(4,3,6) and rank-4 codebook C(4,4,6).
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Figure 3.15: Base codebook c(2,2,3) (from [10, Table 852]).

Transformation Codebook Based Feedback Mode

The base codebooks and their subsets of rank 1 for SU and MU MIMO can be transformed

as a function of the ABS transmit correlation matrix. A quantized representation of the

ABS transmit correlation matrix shall be fed back by the AMS as instructed by the ABS.

Both ABS and AMS transform the rank 1 base codebook to a rank 1 transformed codebook

using the correlation matrix. The transformation for codewords of rank 1 is of the form

ṽt =
Rvi

‖Rvi
‖ (3.15)

where vi is the ith codeword of the base codebook, ṽt is the ith codeword of the transformed

codebook, and R is the Nt×Nt transmit correlation matrix. After obtaining the transformed

codebook, both AMS and ABS shall use the transformed codebook for the feedback and

precoding process of rank 1.

The codebooks of rank > 1 shall be used without transformation when the AMS is

operating with the transformation codebook-based feedback mode.
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Figure 3.16: Quantization parameters for diagonal entries of R (from [10, Table 867]).

The correlation matrix R shall be fed back to support the transformation mode of

codebook-based precoding. It is fed back periodically and one correlation matrix is valid

for whole band. During some time period and in the whole band, the correlation matrix is

measured as

R = E[HH
ijHij] (3.16)

where Hij is the correlated channel matrix in the ith OFDM symbol period and jth subcar-

riers. Because of the symmetry of the correlation matrix, only the upper triangular elements

shall be fed back after quantization.

The R matrix is normalized by the maximum element amplitude, and then quantized to

reduce the feedback overhead. The equation of normalization is

R̃ =
R

max(|rij|)
i, j = 1, ..., Nt, (3.17)

where ri,j denotes the ijth elemnet of R. The normalized diagonal elements are quantized

by 1 bit, and the normalized complex elements are quantized by 4 bits. The equation for

quantization is

q = a · e(j·b·2π) (3.18)

where either a = [0.6 0.9] and b = 0 or a = [0.1 0.5] and b = [0 1/8 1/4 3/8 1/2 5/8 3/4 7/8]

for diagonal entries. The total number of bits of feedback is 6 for 2 transmit antennas,

28for 4 transmit antennas, and 120 for 8 transmit antennas. The AMS and ABS shall use

the same transformation based on the correlation matrix fed back by the AMS.
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Figure 3.17: Quantization parameters for non-diagonal entries of R (from [10, Table 868]).

Differential Codebook-Based Feedback Mode

The differential feedbacks exploit the correlation between precoding matrices adjacent in time

or frequency. The feedback shall start initially and restart periodically by sending a one-

shot feedback that fully depicts the precoder by itself. At least one differential feedback shall

follow the start and restart feedback. The start and restart feedback employs the codebook

defined for the base mode and is sent through long term report defined in Feedback Allocation

A-MAP IE for MFM 3 and 6. The differential feedback is sent through short term report

defined in Feedback Allocation A-MAP IE for MFM 3 and 6.

Denote the feedback index, the corresponding feedback matrix, and the corresponding
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precoder by t, D(t), and V(t), respectively. The sequential index is reset to 0 at Tmax + 1.

The index for the start and restart feedbacks are 0. Let A be a vector or a matrix and QA

be the rotation matrix determined by A. The precoder corresponding to each index is given

by

V(t) = QV(t−1)D(t), t = 0, 1, 2, ..., Tmax, (3.19)

where the rotation matrix QV(t−1) is a unitary matrix Nt × Nt computed from the previous

precoder V(t − 1) with Nt is the number of transmit antennas. The dimension of the

feedback matrix D(t) is , where Mt is the number of spatial streams. QV(t−1) has the form

QV(t−1) = [V(t − 1) V⊥(t − 1)], where V⊥(t − 1) consists of columns each of which has a

unit norm and is orthogonal to the other columns of QV(t−1).For Mt = 1, where V(t − 1) is

a vector,

Qv(t−1) =





I −

2

‖ω‖2
ωωH, for ‖ω‖ > 0,

I, otherwise,

(3.20)

where ‖V(t − 1)‖ = 1 and ω = e−jθV(t − 1) − e1; θ is the phase of the first entry of V(t−1),

and e1 = [1 0 . . . 0]T . For Mt > 1, let L = Nt − Mt for computing QV(t−1). L columns are

appended to V(t− 1) forming a square matrix M = [V(t− 1)E] and the appended columns

are

E = [eτ1 . . . eτL
] (3.21)

where eτj
is the Nt × 1 vector whose τjth entry is one and whose other entries are zeros.

QV(t−1) is computed by orthogonalizing and normaling the columns of M. The indexes τj for

j = 1, ..., L are selected for the numerical stability of the orthogonalization and normalization

process. Let

g = (| ℜ(V(t − 1)) | + | ℑ(V(t − 1)) |)a (3.22)

where a is the 1 × Mt vector with all entries equal to one; ℜ() and ℑ() take the real and

imaginary parts of the inputs, respectively; | | takes the absolute values of the input matrix
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entry by entry. The ith element of the vector g is the sum of the absolute values of all the

real and imaginary parts of V(t − 1) on the same row. The entries of g are stored in an

increasing numerical order. If gi = gj and i < j, then gi < gj is used in the order list. The

order list is

gk1
< ... < gkNt

(3.23)

where ki for i = 1, ..., Nt are row indexes of g. The first L indexes in the list are assigned to

the indexes τj in E as

τj = kj, for j = 1, ..., L. (3.24)

The Gram-Schmidt orthogonalization and a normalization process are applied to the last

L columns of M column by column and result in QV(t−1) as

For j = 1 : L

For k = 1 : j + Mt − 1

mj+Mt
= mj+Mt

− m∗
τj ,kmk

End

mj+Mt
=

mj+Mt

‖ mj+Mt
‖

End

QV(t−1) = M

(3.25)

where mk is the kth column of M and mi,j is the ijth element of M.

The feedback matrix D(t) is selected from a differential codebook. Denote the code-

book by D(Nt, Mt, Nw), where Nw is the number of codewords in the codebook. The

codebooks D(2, 1, 4)and D(2, 2, 4) are listed in Figs. 3.18 and 3.19, respectively. Denote

Di(Nt, Mt, Nw) the ith codeword of D(Nt, Mt, Nw). The rotation matrices QDi(Nt,Mt,Nw)s of

the D(Nt, Mt, Nw)s comprise a set of Nt by Nt matrices that is denoted by QD(Nt,Mt,Nw).

The differential codebook D(4, 3, Nw) is computed from QD(4,1,Nw). The ith codeword of
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D(4, 3, Nw), denoted by Di(4, 3, Nw),

Di(4, 3, Nw) =





0 1 0 0
0 0 1 0
0 0 0 1
1 0 0 0



 Q̃i(4, 1, Nw) (3.26)

where Q̃i(4, 1, Nw) consists of the last three columns of the ith matrix in QD(4,1,Nw). The dif-

ferential codebook D(4, 4, Nw) is computed from QD(4,2,Nw). The ith codeword of D(4, 4, Nw)

is the ith matrix in QD(4,2,Nw). The differential codebooks D(8, 5, Nw), D(8, 6, Nw), D(8, 7, Nw)

are computed from D(8, 3, Nw), D(8, 2, Nw), and D(8, 1, Nw), respectively. The ith code-

words Di(8, 5, Nw), Di(8, 6, Nw), and Di(8, 7, Nw) of D(8, 5, Nw), D(8, 6, Nw), and D(8, 7, Nw),

respectively, are given by

Di(8, 5, Nw) =





0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0





Q̃i(8, 3, Nw), (3.27)

Di(8, 6, Nw) =





0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0





Q̃i(8, 2, Nw), (3.28)

Di(8, 7, Nw) =





0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
1 0 0 0 0 0 0 0





Q̃i(8, 1, Nw), (3.29)

85



HIJKL MNJKONPJ HIJKL MNJKONPJQ RQ STU V RWXYZQ[\] Y^_ZQ[\]`abZcQdS]TUd RWXYZQ[\] Y^_ZQ[\]TU e RWXYZQ[\] Y^_ZQ[\] `abZfcQdS]TU
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Figure 3.19: D(2,2,4) codebook (from [10, Table 870]).

where Q̃i(8, k, Nw) consists of the last 8 columns of the ith matrix in Q̃D(8,k,Nw). The differ-

ential codebook D(8, 8, Nw) is computed from D(8, 4, Nw). The ith codeword of D(8, 8, Nw)

is the ith matrix in Q̃D(8,k,Nw).

3.7 Uplink MIMO Transmission Schemes [10]

Again this section is mainly taken from [10].

3.7.1 Uplink MIMO Architecture and Data Processing

The architecture of uplink MIMO at the transmitter side is shown in Fig. 3.1. The MIMO

encoder block maps a single MIMO layer (L = 1) onto Mt (Mt ≥ L) MIMO streams, which

are fed to the precoder block. For SU-MIMO and collaborative spatial multiplexing (MU-

MIMO), only one FEC block exists in the allocated RU (vertical MIMO encoding at transmit

side).

The precoder block maps MIMO stream(s) to antennas by generating the antenna-specific
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data symbols according to the selected MIMO mode. The MIMO encoder and precoder

blocks shall be omitted when the AMS has one transmit antenna. The subcarrier mapping

blocks map antenna-specific data to the OFDM symbol.

3.7.2 MIMO Layer to MIMO Stream Mapping

MIMO layer to MIMO stream mapping is performed by the MIMO encoder. The uplink

MIMO encoder is identical to the downlink MIMO encoder.

Horizontal encoding (MEF = 0b10) is not supported for uplink transmissions. Collabo-

rative spatial multiplexing (CSM) is achieved with vertical encoding (MEF = 0b01) at the

AMS. The STC rate per AMS for uplink SU-MIMO and MU-MIMO (CSM) transmissions is

defined as R = M/NF . An AMS with 1 transmit antenna shall use vertical encoding (MEF

= 0b01) for uplink transmissions.

Uplink SFBC encoding is identical to the downlink SFBC encoding. SFBC encoding

format shall not be allocated to an AMS with 1 transmit antenna.

Uplink vertical encoding is identical to the downlink vertical encoding. Vertical encoding

with 1 MIMO stream (Mt = 1) format shall be allocated to an AMS with 1 transmit antenna.

3.7.3 MIMO Stream to Antenna Mapping

MIMO stream to antenna mapping is performed by the precoder. The uplink mapping is

identical to the downlink mapping.

Non-adaptive Precoding

There is no precoding if there is only one transmit antenna at the MS. With non-adaptive

precoding, the precoding matrix is an Nt × Mt matrix W(k), where Nt is the number of

transmit antennas, Mt is the numbers of MIMO streams, and k is the physical index of
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Figure 3.20: Codebook subsets used for non-adaptive precoding in UL DLRU and NLRU
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Figure 3.21: Codebook subsets used for non-adaptive precoding in UL SLRU (from [10,
Table 922]).

the subcarrier where W(k) is applied. The matrix W is selected from a subset of size Nw

precoders of the base codebook for a given rank. W belongs to one of the subsets of the base

codebook, according to the type of allocation, MEF, Nt and Mt, as specified in Figs. 3.20

and 3.21.

In an RU allocated in an AAI subframe and non-adaptive precoding, the matrix W

changes every N1PSC contiguous physical subcarriers according to Equation, and it does not

depend on the AAI subframe number. The Nt × Mt precoding matrix W(k) applied on

subcarrier kin physical subband s is selected as the codeword of index i in the open-loop

codebook subset of rank Mt, where i is given by

i = s mod Nw, s = 0, . . . , Nsub − 1, (3.30)

with Nsub denoting the number of physical subbands across the entire system bandwidth.
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Adaptive Precoding

There is no precoding if there is only one transmit antenna at the AMS. With adaptive

precoding, the precoder W is derived at the ABS or at the AMS, as instructed by the ABS.

With 2Tx or 4Tx at the AMS in FDD and TDD systems, unitary codebook based adaptive

precoding is supported. In this mode, an AMS transmits a sounding signal on the uplink to

assist the precoder selection at the ABS. The ABS then signals the uplink precoding matrix

index to be used by the AMS. With 2Tx or 4Tx at the AMS in TDD systems, adaptive

precoding based on the measurements of downlink reference signals is supported. The AMS

chooses the precoder based on the downlink measurements. The form and derivation of the

precoding matrix does not need to be known at the ABS.

3.7.4 Uplink MIMO Transmission Modes

There are five MIMO transmission modes for UL MIMO transmission as listed in Fig. 3.22

and where the allowed values of the parameters for each UL MIMO mode are shown in

Fig. 3.23. Mt refers to the number of MIMO streams transmitted from one AMS. In modes

3 and 4, Nt refers to the number of transmit antennas at one AMS involved in CSM.àáâãäåâãæ çãèéêëìíëáå àäàî ãåéáâëåïðáêñòí óàôõö àäàî ÷êãéáâëåïøùúûü ýþÿ��ø�øý ÿ��� �ù���ú�	
��ûøùúû 
 ýþÿ��ø�øý �ÿø� �� �ù���ú�	
��ûøùúû� �þÿ��ø�øý �ÿø� �� �ú�	
��ûøùúû� ýþ�ù����ù��
��û�	�
������
�	�û���� �ø��ø�øý� �� �ù���ú�	
��ûøùúû� �þ�ù����ù��
��û �	�
������
�	�û���� �ø��ø�øý� �� �ú�	
��û
Figure 3.22: Uplink MIMO modes (from [10, Table 923]).
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Figure 3.23: UL MIMO parameters (from [10, Table 924]).

90
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Figure 3.24: Supported permutation for each UL MIMO mode (from [10, Table 925]).

Consecutive symbols for each antenna at the output of the MIMO precoder are mapped

in a frequency domain first order across LRUs of the allocation, starting from the data sub-

carrier with the smallest OFDM symbol index and smallest subcarrier index, and continuing

to subcarrier index with increasing subcarrier index. When the edge of the allocation is

reached, the mapping is continued on the next OFDM symbol.

Fig. 3.24 shows the permutations supported for each MIMO mode.

Downlink Signaling Support of UL-MIMO Modes

The ABS shall send parameters necessary for UL MIMO operation in a unicast message. The

parameters may be transmitted depending on the type of operation. The unicast information

is carried in the UL basic Assignment A-MAP IE, UL Subband Assignment A-MAP IE, and

UL Persistent A-MAP IE. Fig. 3.25 specifies the DL control parameters required for UL

MIMO operation.

Codebooks for Closed-Loop Transmit Precoding

The notation Cbase,UL(Nt, Mt, NB) denotes the rank-Mt uplink base codebook, which con-

sists of 2NB complex matrices of dimension Nt by Mt, and Mt denotes the number of

MIMO streams. The notation Cbase,UL(Nt, Mt, NB, i) denotes the ith codebook entry of
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Figure 3.25: UL MIMO control parameters (from [10, Table 926]).
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Cbase,UL(Nt, Mt, NB).

The base codebooks of SU-MIMO with two transmit antennas consist of rank-1 codebook

Cbase,UL(2, 1, 4)and rank-2 codebook Cbase,UL(2, 2, 3). Fig. 3.15 is included to illustrate the

rank-1 base codebooks. The rank-2 base codebook Cbase,UL(2, 2, 3) for uplink 2 Tx is the

same as the downlink 2 Tx rank-2 base codebook

The base codebook for UL collaborative spatial multiplexing MIMO is the same as the

base codebook for SU-MIMO.
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Chapter 4

Equalization and Closed-Loop MIMO
Technology

In this chapter, we first introduce the system model and focus on precoding and equalization.

Then we include the feedback processing block. We propose two feedback processing method

and compare it with three other methods.

4.1 System Model

Fig. 4.1 depicts the considered system model. Information bits for subcarrier k are first

passed through the modulator and sent into the encoder. There are four different types

of encoder, but we will not discuss them. After passing through the encoder, there are M

streams. Let s be the symbol vector at the encoder output as

sk = [sk,1sk,2 . . . sk,M ]T . (4.1)«¬­®¯°±¬² «³«´µ¶·¬­¸² ¹²¸·¬­¸²º ³»º¼ ½¾¹ ¿ À¾¹ »º¼ µÁ®°¯ÂÃ¸²Ä³»º¼ ½¾¹ À¾¹ »º¼ »¸Å¬­®¯°±¬²
Figure 4.1: System model.
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For convenience, we assume that the M data streams are equally-powered and independent

to each other. That is, E[sks
∗
k] = IM which A∗ denotes complex-conjugate of matrix A. We

denote the precoder by F. F is an Nt × M matrix. There are several precoder codebook

sets. The signal after precoding can be expressed as

xk = Fsk. (4.2)

where xk is a length Nt vector and Nt is the number of transmit antennas. We assume that

Nt > M . Then we transform the signal vector to the time domain using IDFT and add

CP. Let the number of the receive antenna be Nr. We consider a multipath channel, whose

input-output relation in the frequency domain can be written as

yk = HFxk + nk. (4.3)

where yk is the received symbol vector, H is the Nt×Nr channel matrix and nk is the Nr ×1

noise vector. We assume that the entries of H are independent and identically distributed

(i.i.d.) and their distributions are complex normal with zero mean and unit variance, denoted

by CN(0, 1). Similarly, the entries of nk are also i.i.d. and the distribution is CN(0, N0).

After passing the signal over the channel, we remove the CP and transform the result back

to frequency domain. We consider two different kinds of equalizer, zero-forcing (ZF) and

minimum mean-square error (MMSE). Let G be the M × Nr equalizer matrix.

4.1.1 Linear Equalizer Matrix

Let Fk be the precoder matrix for multicarrier k and let Gk be the corresponding equalizer

matrix for the same subcarrier. The MSE matrix at the kth subcarrier is given by

Ek(Fk,Gk) , E[(x̂k − xk)(x̂k − xk)
H ] = GH

k RykGk + I − GH
k HkFk − FH

k HH
k Gk (4.4)

where Ryk , E[yky
H
k ] = HkFkF

H
k HH

k +Rnk
. The MSE of the ith substream at subcarrier
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k is the ith diagonal element of Ek, as given by

MSEk,i(Fk, gk,i) = [Ek]ii = gH
k,iRykgk,i + 1 − gH

k,iHkfk,i − fH
k,iH

H
k gk,i (4.5)

where gk,i is the ith column of Gk. To obtain the optimal receive matrix Gopt
k , it suffices to

find Gk such that each diagonal element of Ek is minimized. It follows that [11]

Gopt
k = (HkFkF

H
k HH

k + Rnk
)−1HkFk. (4.6)

We set each symbol has the same precoder so the optimum equalizer for the MMSE equalizer

is given by

G = (HFFHHH + Rn)−1HF. (4.7)

On the other hand, the ZF equalizer can be derived as

G = (HF)†. (4.8)

In either case, the signal vector at the equalizer output is given by

x̂ = GHFx + Gn. (4.9)

4.2 Precoder Selection Methods

We introduce several feedback-based methods for precoder selection in this section. Fig. 4.2

depicts the considered system model. Reference [14] proposed SVD-based search method

and [17] proposed optimal precoder selection method. We propose max minSNR-based search

method and MMSE-based exhaustive search method.

4.2.1 MaxminSNR-Based Search Method

In this method, We maximize the minimum SNR at the receiver antennas under MMSE or

ZF equalization. It can be thought as minimize the maximum symbol error rate (SER) at
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Figure 4.2: System model with feedback.

the receive antennas. The signal power per receive antenna can be expressed as

| gT
k HFix |2 . (4.10)

The noise power is

σ2
n | gT

k gk | . (4.11)

The optimum precoding matrix F selected from the codebook C maximizes the minimum

SNR of at the receive antennas as

F = arg max
Fi

min
k|Fi

SNRk

= arg max
Fi

min
k|Fi

| gT
k HFix |2

σ2
n | gT

k gk |
(4.12)

where k is the index of the receive antennas, i is the index of the precoder, and gk is the

equalizer for kth receive antenna.

4.2.2 MMSE-Based Exhaustive Search Method

In this method, we minimize the mean square error (MSE) between X̂ and X under the ZF

or the MMSE equalizer. We compare all possible precoders to find the best one in the source

that

min MSE = arg min
Fi

‖X̂ −X‖2
. (4.13)

For ZF equalizer, therefore,

min MSE = arg min
Fi

‖(HFi)
†HFiX + (HFi)

†n −X‖2
, (4.14)
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and for the MMSE equalizer,

min MSE = arg min
Fi

‖(HFiF
H
i HH + R−1

n )HFiHFiX + (HFiF
H
i HH + R−1

n )HFin− X‖2
.

(4.15)

Then we will transmit the precoder index i back to the transmitter. The transmitter will

use this precoder to allocate the power. In this method, the computation of complexity is

high, because we have to evaluate all the precoders.

4.2.3 SVD-Based Search Method [14]

It was proved in [14] that for the ZF receiver, the optimum precoding matrix F selected from

the codebook C maximizes the minimum singular value of HF. Reference [14] calls this the

minimum singular value selection criterion (MSV-SC), i.e.,

F = arg max
Fi∈C

λmin{HFi} (4.16)

The optimum un-quantized precoder for MSV-SC has also been shown in [14], [18]. Let the

singular value decomposition (SVD) of the channel matrix H be represented by

H = VLΣVH
R . (4.17)

Then, the optimum um-quatized precoding matrix for MSV-SC is

Fopt = V̄R, (4.18)

which is the first M columns of the right singular matrix VR. In practice, the optimum

precoder shown in (4.18) is difficult to feedback. Using the criterion in (4.16), we can select

a precoding matrix from a codebook, and feed back the index to the transmitter. The

exhaustive search can be used to find the optimum precoding matrix in the codebook. If

the codebook size is L and the number of the subcarriers is N , we then have to conduct the

operation in (4.16) for LN times. The required computational complexity can be very high.
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We will attempt to minimize the degradation in channel power introduced by quantizing

the precoder ‖HFopt‖2
F − ‖HF‖2

F where ‖·‖F is the Frobenius matrix norm. Note that

‖HFopt‖2
F − ‖HF‖2

F = tr(ΣΣ
T
) − tr(ΣVH

RFFHVRΣT )

≤ tr(ΣΣ
T
) − tr(ΣVR

H
FFHV̄RΣ̄T )

≤ λ2
max{H}tr(IM − V̄H

RFFHV̄R)

= λ2
max{H}1

2
‖V̄RV̄H

R − FF∗‖2
F

(4.19)

where the second line follows from setting Σ̄ equal to the first M columns of Σ, the third

line results from substituting λmax{H} for the other nonzero singular values, and the last

line cover from an alternative representation for subspace distance [14]. We will therefore

design codebook F by attempting to minimize the distortion metric

EV̄R
[ min
i∈{1,2,...,N}

1

2
‖V̄RV̄H

R − FFH‖2
F ] (4.20)

where V̄R is isotropically distributed on U(Mt, M). Matrices in U(Mt, M) can be char-

acterized as representing M-dimensional subspaces of the complex Mt-dimensional vector

space. Thus [14] will adopt the common Grassmannian packing notation and define the set

of all column spaces of the matrices in U(Mt, M) to be the complex Grassmannian space

G(Mt, M, C). Thus if F1,F2 ∈ U(Mt, M) then column spaces of F1 and F2, P1 and P2

respectively, are contained in G(Mt, M, C). The chordal distance between two subspaces P1

and P2 is [1]

dchordal(F1,F2) =
1√
2
‖F1F

H
1 − F2F

H
2 ‖

=

√√√√M −
M∑

i=1

λ2
i {FH

1 F2}.
(4.21)

Reference [14] use this sub-optimum codeword selection criterion which minimizes the

chordal distance between the chosen codeword and the ideal (un-quantized) optimum pre-
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coder, i.e.,

F = arg min
Fi∈C

dchordal(Fi,Fopt). (4.22)

Simulation results show that this criterion can perform comparably to the MSV-SC criterion.

4.2.4 Optimum Precoder Selection [17]

To obtain the set of transmit matrices {Fk}, reference [17] now consider the minimization of

an arbitrary objective function of the diagonal elements of MSE. The MSE can be expressed

as

MSEk,i = [(I + FH
k HH

k R−1
nk

HkFk)
−1]ii

=
1

1 + fH
k HH

k R−1
k,iHkfk,i

.
(4.23)

The minimization of arithmetic mean of the MSEs was considered in few papers. The

objective function is

f0({MSEk,i}) =
∑

k,i

(MSEk,i). (4.24)

When f0 is Schur-concave, then precoder F is

F = UH,1ΣF,1 (4.25)

where UH,1 ∈ CnT×L has as columns the eigenvectors of RH corresponding to the L largest

eigenvalues in increasing order, and ΣF,1 = [0diag({σF,i})] ∈ CL×L has zero elements, except

along the rightmost main diagonal. This objective function is Schur-concave on each carrier

k. Therefore, the diagonal structure is optimal. The problem in convex form is

min
{zk,i}

∑

k,i

1

1 + λk,izk,i
s.t.

∑

k,i

zk,i ≤ PT and zk,i ≥ 0, 1 ≤ k ≤ N, 1 ≤ i ≤ Lk. (4.26)

For simplicity of notation, reference [17] define zk,i , σF 2

k,i
and λk,i , λHk,i

This partic-

ular problem can be solved very efficient by because the solution has a nice water-filling
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interpretation (from the KKT optimality conditions):

zk,i = (µ−1/2λ
−1/2
k,i − λ−1

k,i)
+ (4.27)

where µ−1/2 is the waterlevel chosen to satisfy the power constraint with equality.

4.2.5 Matrix Computation Complexity

In the design of signal processing algorithms, an analysis of the required number of flops is

often derivable. Where a flop means a floating point operation. In this regard, a dot product

of length n vectors is considered to require 2n flops because there are n multiplications and

n adds. We derive the expressions for the number of needed flops that the equalization in

the CL MIMO requires. Fig. 4.3 gives the flop counts of some common matrix operations

[16].

In an order of magnitude study, we often throw away the lower order terms since their

inclusion does not contribute to the overall flop count. But if the n is small, we have to keep

the all the terms. This happens to be our case. We list the total flop counts per subcarrier

in Fig. 4.4.

We can see that optimum precoder performs well in complexity because it does not

have a complex computation flow. Also we can see that ZF equalizer is much easier thanåæçèéê ëìéíîïðñòóôõöðò÷öòøïðòùú ûôúñüùöõýþÿ�òú�ø���� ��� 	��
 �ô�ú
�ôú�
�ú�üùöõýþÿ�òú�ø���� �	��
 �ô�ú
�ú��ú��ñ��ôïðñòó �üïõ��òïú �öòôòúïðòùú
 ûú����ò��ú�ïöõ� ûú���
Figure 4.3: Number of flops of different matrix operations [16].
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MMSE equalizer. SVD-based and max minSNR-based search method have less complexity

in high order matrix. We can have a conclusion that if the matrix size is low, we can use

the MMSE-based search method. When the matrix size is high, we use SVD-based and

max minSNR-based search method.����� � ��� ��� !"#���$�� ����� ���� %&'() ����� ���� %&'*) ����� � ��� %&'+),- ./012 3412 56712 489312,-: ;<=>?@ABC 663/012D4/E 9F312 F36312 3863812,-: GG;H>?@ABC 623/012D./E 628812 98..12 F663.12,-: G@IJK/;LM 67./012D63/ED74/D27 645312 924412 397.812,-: NOPKJQJORBSTCBR 44/012D/E 23412 7.3412 77F7812GG;H 78/012D/E 6F712 627.12 6842712GG;H: ;<=>?@ABC 67./012D5/E 68.412 .42712 3349312GG;H: GG;H>?@ABC 693/012D62/E 6F7412 6263.12 687.4.12GG;H:G@IJK/;LM 6F3/012D78/ED74/D27 6...12 6738.12 9437412GG;H: NOPKJQJORBSTCBR 58/012D9/E 58.12 232712 7F27.12
Figure 4.4: Number of flops per subcarrier of each method.
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Chapter 5

Downlink MIMO Simulation for IEEE
802.16m

In this chapter, we use two different equalizers and four closed-loop MIMO technologies in the

downlink transmission for IEEE 802.16m. The two equalizers are ZF and MMSE equalizer.

We evaluate the performance of each approach mainly via mean square error (MSE) and

symbol error rate (SER).

5.1 System Parameters and Channel Model

Table 5.1 gives the primitive and derived parameters used in our simulation work.

Channel model considers parameters specific to 802.16m including bandwidths, operating

frequencies, cell scenario, and multi-antenna configurations. Both system level and link level

models are described in detail with a purpose of fulfilling the needs to conduct effective link-

and system-level simulations that can generate trustworthy and verifiable results to assess

performance related to the 802.16m system requirements. Channel models for evaluation

of IMT-Advanced candidate radio interface technologies [6]. We use the Suburban macro-

cell model. The parameter are in Fig. 5.1. The root-mean-square (RMS) delay spread of

Suburban macrocell channel is 75.7485 ns.
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Figure 5.1: Suburban macrocell channel model [9].
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Table 5.1: OFDMA Downlink Parameters
Parameters Values

Bandwidth 10 MHz
Central frequency 3.5 GHz
Nused 865
Sampling factor n 28/25
G 1/8
NFFT 1024
Sampling frequency 11.2 MHz
Subcarrier spacing 10.94 kHz
Useful symbol time 91.43 µs
CP time 11.43 µs
OFDMA symbol time 102.86 µs
Sampling time 44.65 ns

5.2 Simulation Results for IEEE 802.16m

5.2.1 Simulation Flow

We assume perfect synchronization and omit it in our simulation. For data transmission, we

do not do FEC and DeFEC. After equalization, we calculate the MSE between the true signal

and the received signal, where the average is taken over all the subcarriers. The symbol error

rate (SER) can also be obtained after demapping. Our simulation does not consider IEEE

802.16m frame structure in Fig. 5.2. Precoder changes per frame in 16m, so it changes per

5 ms. We use per symbol simulation in Fig. 5.3, so it changes per 102.67 µs. Therefore the

mobile speed 120 km/h in our simulation is equivalent to 4.94 km/h in IEEE 802.16m frame

structure. The running time for real IEEE 802.16m frame structure will take very long time

so we use the per symbol simulation. We also calculate that per symbol simulation changes

channel faster than per frame simulation so the per frame simulation might have better

performance than per symbol simulation. For MMSE-based feedback scheme with MMSE

equalizer simulation with two transmit antennas and two receive antennas, the simulation
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time needs 46000 s.

Figure 5.2: IEEE 802.16m TDD frame structure for 10 MHz [9].���� ���� ���� ���� ���� ���������������� ���� ¡¢ £¤
Figure 5.3: TDD structure for 10 MHz.

5.2.2 Validation with AWGN Channel

Before considering multipath channels, we do simulation with an AWGN channel to walidate

the simulation model. We validate this model by MSE and SER curves resulting from

simulation. We simulate a system where FFT size = 1024, bandwidth = 10 MHz, TDD

frame length = 5 ms, DL subframe size = 1 preamble + 28 OFDM symbols, and 48 PRUs

are used in DL transmission. In Fig. 5.4, the theoretical symbol error rate (SER) curve
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versus Es/N0 for uncoded QPSK are plotted together with the SER curve resulting from the

simulation. We can see the SER curve of our system approaches the theory one. Fig. 5.4

shows the mean square error (MSE) curve resulting from the simulation versus Es/N0, and

we can see our system model maintains a close to −1 slope in MSE throughout the simulated

range of SNR. Here, the Es/N0 means the data power divided by the noise power.

5.3 Simulation Results for Single-Path Channels

Figs. 5.5–5.9 show the MSE and SER with ZF equalizer and different feedback methods at

different velocities and SNR values in Suburban channel. Figs. 5.10–5.11 show the perfor-

mance of ZF equalizer with different feedback methods at velocities of 30 and 120 km/h. We

can see that MSE with ZF equalizer are relatively close in different feedback method. This

is because ZF equalizer can not cancel the MSE.

Figs. 5.12–5.16 show the MSE and SER with MMSE equalizer and different feedback

methods at different velocities and SNR values in Suburban channel.

Figs. 5.17–5.18 show the performance of different feedback methods at velocities of 30

and 120 km/h. We can see that both MSE and SER have the same curve. This is because

the MMSE equalizer is finding the minimum mean square error and it also can be seem

worked in SER. The optimum precoder method leads all the methods because it use the

sounding method to transmit back the best precoder. We also compare all the methods in

ZF and MMSE equalizer. MMSE equalizer leads the ZF equalizer both in MSE and SER.

This is because ZF equalizer has the noise enhancement problem. Also both ZF and MMSE

equalizer can achieve diversity one. We can see in the SER simulation that ZF equalizer with

Optimum precoder has better performance in low SNR and MMSE equalizer with Optimum

precoder has better performance in high SNR.
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Figure 5.4: MSE and SER for QPSK resulting from simulation compared with theory in
AWGN.
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Figure 5.5: MSE and SER for QPSK using ZF equalizer with no feedback in Suburban
channel.
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Figure 5.6: MSE and SER for QPSK using ZF equalizer with SVD-Based search feedback
in Suburban channel.
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Figure 5.7: MSE and SER for QPSK using ZF equalizer with MMSE-Based exhaustive
search feedback in Suburban channel.
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Figure 5.8: MSE and SER for QPSK using ZF equalizer with MaxminSNR-Based search
feedback in singlepath Suburban channel.
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Figure 5.9: MSE and SER for QPSK using ZF equalizer with Optimum precoder feedback
in Suburban channel.
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Figure 5.10: MSE and SER for QPSK using ZF equalizer with different feedback methods
at 30 km/h in Suburban channel.

114



0 5 10 15 20 25 30
10

−1

10
0

10
1

10
2

10
3

ZF equalizer with different feedback V120

SNR (dB)

N
or

m
al

iz
e 

M
S

E

 

 
No feedback
SVD−Based
MMSE−Based
MaxminSNR
Optimum Precoder

0 5 10 15 20 25 30
10

−2

10
−1

10
0

ZF equalizer with different feedback V120

SNR (dB)

S
E

R

 

 
No feedback
SVD−Based
MMSE−Based
MaxminSNR
Optimum Precoder

Figure 5.11: MSE and SER for QPSK using ZF equalizer with different feedback methods
at 120 km/h in Suburban channel.
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Figure 5.12: MSE and SER for QPSK using MMSE equalizer with no feedback in Suburban
channel.
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Figure 5.13: MSE and SER for QPSK using MMSE equalizer with SVD-Based search feed-
back in Suburban channel.
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Figure 5.14: MSE and SER for QPSK using MMSE equalizer with MMSE-Based exhaustive
search feedback in Suburban channel.
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Figure 5.15: MSE and SER for QPSK using MMSE equalizer with MaxminSNR-Based search
feedback in Suburban channel.

119



0 5 10 15 20 25 30
10

−3

10
−2

10
−1

10
0

MMSE equalizer with Optimal precoder feedback

SNR (dB)

N
or

m
al

iz
e 

M
S

E

 

 
V30
V60
V120
V300

0 5 10 15 20 25 30
10

−3

10
−2

10
−1

10
0

MMSE equalizer with Optimal precoder feedback

SNR (dB)

S
E

R

 

 
V30
V60
V120
V300

Figure 5.16: MSE and SER for QPSK using MMSE equalizer with Optimum precoder
feedback in Suburban channel.
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Figure 5.17: MSE and SER for QPSK using MMSE equalizer with different feedback methods
at 30 km/h in Suburban channel.
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Figure 5.18: MSE and SER for QPSK using MMSE equalizer with different feedback methods
at 120 km/h in Suburban channel.
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Figure 5.19: MSE and SER for QPSK using ZF and MMSE equalizer with different feedback
methods at 30 km/h in Suburban channel.
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Figure 5.20: MSE and SER for QPSK using ZF and MMSE equalizer with different feedback
methods at 120 km/h in Suburban channel.
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5.4 Simulation Results for Multipath Channels

Figs. 5.21–5.34 show the simulation with two transmit antennas and two receive antennas.

Figs. 5.21–5.25 show the MSE and SER with ZF equalizer and different feedback methods

at different velocities and SNR values in Suburban channel. Figs. 5.26–5.27 show the per-

formance of ZF equalizer with different feedback methods at velocities of 30 and 120 km/h.

We can see that MSE with ZF equalizer are relatively close in different feedback method.

This is because ZF equalizer can’t cancel the MSE.

Figs. 5.28–5.32 show the MSE and SER with MMSE equalizer and different feedback

methods at different velocities and SNR values in Suburban channel.

Figs. 5.33–5.34 show the performance of different feedback methods at velocities of 30

and 120 km/h. We can see that both MSE and SER have the same curve. This is because

the MMSE equalizer is finding the minimum mean square error and it also can be seem

worked in SER. The optimum precoder method leads all the methods because it use the

sounding method to transmit back the best precoder. Also both ZF and MMSE equalizer

can achieve diversity one. We also compare all the methods in ZF and MMSE equalizer.

MMSE equalizer leads the ZF equalizer both in MSE and SER. This is because ZF equalizer

has the noise enhancement problem.

Figs. 5.37–5.39 show the MSE and SER with ZF equalizer using 4 transmit antennas and

4 receive antennas. We can see that SER can achieve diversity order three.

Figs. 5.40–5.40 show the MSE and SER with ZF equalizer using different antennas and

different feedback selection methods. We can see that 4 antennas outperforms 2 antennas.

And optimal precoder method with 4 antennas has more coding gain than 2 antennas.
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Figure 5.21: MSE and SER for QPSK using ZF equalizer with no feedback in multipath
Suburban channel.
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Figure 5.22: MSE and SER for QPSK using ZF equalizer with SVD-Based search feedback
in multipath Suburban channel.
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Figure 5.23: MSE and SER for QPSK using ZF equalizer with MMSE-Based exhaustive
search feedback in multipath Suburban channel.
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Figure 5.24: MSE and SER for QPSK using ZF equalizer with MaxminSNR-Based search
feedback in multipath Suburban channel.
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Figure 5.25: MSE and SER for QPSK using ZF equalizer with Optimum precoder feedback
in multipath Suburban channel.

130



0 5 10 15 20 25 30
10

−1

10
0

10
1

10
2

10
3

ZF equalizer with different feedback V30

SNR (dB)

N
or

m
al

iz
e 

M
S

E

 

 
No feedback
ZF, SVD−Based
ZF, MMSE−Based
ZF, MaxminSNR
ZF, Optimum Precoder

0 5 10 15 20 25 30
10

−3

10
−2

10
−1

10
0

ZF equalizer with different feedback V30

SNR (dB)

S
E

R

 

 
No feedback
ZF, SVD−Based
ZF, MMSE−Based
ZF, MaxminSNR
ZF, Optimum Precoder

Figure 5.26: MSE and SER for QPSK using ZF equalizer with different feedback methods
at 30 km/h in multipath Suburban channel.
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Figure 5.27: MSE and SER for QPSK using ZF equalizer with different feedback methods
at 120 km/h in multipath Suburban channel.
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Figure 5.28: MSE and SER for QPSK using MMSE equalizer with no feedback in multipath
Suburban channel.
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Figure 5.29: MSE and SER for QPSK using MMSE equalizer with SVD-Based search feed-
back in multipath Suburban channel.
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Figure 5.30: MSE and SER for QPSK using MMSE equalizer with MMSE-Based exhaustive
search feedback in multipath Suburban channel.
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Figure 5.31: MSE and SER for QPSK using MMSE equalizer with MaxminSNR-Based search
feedback in multipath Suburban channel.
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Figure 5.32: MSE and SER for QPSK using MMSE equalizer with Optimum precoder
feedback in multipath Suburban channel.
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Figure 5.33: MSE and SER for QPSK using MMSE equalizer with different feedback methods
at 30 km/h in multipath Suburban channel.
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Figure 5.34: MSE and SER for QPSK using MMSE equalizer with different feedback methods
at 120 km/h in multipath Suburban channel.
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Figure 5.35: MSE and SER for QPSK using ZF and MMSE equalizer with different feedback
methods at 30 km/h in multipath Suburban channel.
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Figure 5.36: MSE and SER for QPSK using ZF and MMSE equalizer with different feedback
methods at 120 km/h in multipath Suburban channel.
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Figure 5.37: MSE and SER for QPSK using ZF equalizer with SVD-Based search feedback
in multipath Suburban channel with TX4 RX4 Rank2.
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Figure 5.38: MSE and SER for QPSK using ZF equalizer with MMSE-Based exhaustive
search feedback in multipath Suburban channel with TX4 RX4 Rank2.
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Figure 5.39: MSE and SER for QPSK using ZF equalizer with Optimum precoder feedback
in multipath Suburban channel with TX4 RX4 Rank2.
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Figure 5.40: MSE and SER for QPSK using ZF equalizer with different feedback methods
at 30 km/h in multipath Suburban channel with TX4 RX4 Rank2.
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Figure 5.41: MSE and SER for QPSK using ZF equalizer with different feedback methods
at 120 km/h in multipath Suburban channel with TX4 RX4 Rank2.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

We first introduced the IEEE 802.16m specifications about basic structure and MIMO

system. We considered joint design at both end of the links and introduced two classes of

linear equalization: Zero-forcing equalizer and Minimum-mean-square-error equalizer. Then

proposed two methods for closed-loop MIMO precoder selection and compared with other two

methods in singlepath and multipath. We also considered the complexity of each methods.

MMSE equalizer with optimum precoder-based feedback has out performence than other

feedback methods. When we used the limited feedback channel, MMSE equalizer with SVD-

based feedback has lower complexity and almost the same performance.

6.2 Future Work

There are several possible extension for our research:

• Consider multiuser MIMO system.

• Consider different STC rate.

• Do channel estimation and analyze the impact of the estimation error in MIMO system.
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• Consider channel coding and turbo processing for MIMO system.
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Chapter 7

Using Matlab to Generate MIMO
Channel

In this chapter, we introduce the communication toolbox in matlab.

7.1 System Parameters

• Nt is the transmit antennas

• Nr is the receive antennas

• Ts is the sample time of the input signal, in seconds

• Fd is the maximum Doppler shift, in Hertz

• TAU is the row vector of path delays

We first call matlab command mimochan to generate the MIMO channel coefficient.

chan = mimochan(Nt, Nr, Ts, Fd, TAU) (7.1)

Then, we use matlab command filter to call MIMO channel

y = filter(chan, x) (7.2)
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where x is the transmit signal and y is the receive signal after passing the channel.

When we use filter, the size of channel affect the running time. If the channel matrix is

8 × 8, the running time is very big. So we need to take care that if the channel matrix is

big, we need more time to run the simulation.
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