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ABSTRACT

Retransmission is necessary for.the transmission of high-definition
(HD) video streaming. It is essential to control the arrival time of each frame
before the deadline. In this thesis, we present system architecture and a
related algorithm for real-time HD video transmission. The research focuses
on not only single antenna end-to-end-wireless transmission but also
consider MIMO (Multi input multi output) end-to-end wireless transmission
and MU-MIMO (Multi-user MIMO) wireless transmission. While the
process of throughput optimization has been extensively investigated, the
variation of throughput is relatively unexplored. The average and variation
of throughput are considered together to guarantee the transmission of each
frame. For this purpose, the mathematical framework of this algorithm
minimizes the required transmission time under the strict frame error
constraint by adjusting payload length of each packet and modulation coding
scheme. The required transmission time is defined as a minimal period in

which the transmission could be completed and makes the error constraint
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satisfied. The parameters, payload length and modulation coding scheme,
can be adapted dynamically based on instant signal-to-noise ratio and the
data size of a video frame. This calculation can be completed punctually in
the MAC layer for the HD video transmission. The simulation result shows
that our proposed methodology can provide a quick, reliable way to
calculate the delay bound before transmission. These finding have
implications for operator developing a reliable wireless real-time HD video

system.
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CHAPTER 1
INTRODUCTION

The demand of wireless real-time HD video service increases gradually in home
entertainment as shown in Figure 1. The error rate and arrival time of each frame
might affect quality of service (QoS) for wireless HD video service. The frame error
rate should be smaller than the required error bound, and each frame should arrive at
the receiver in time. The number of error frames should be less than one video frame
per 120-minute HD movie to meet the consumer electronic requirement [1]. The
video frame should arrive in time at the receiver, or the error is caused by frame delay.
WirelessHD [2], Wireless Home Digital Interface (WHDI) [3] and Wireless Gigabit
Alliance (WiGig) [4] are designed to transmit the uncompressed HD video stream
over wireless in indoor environment. Although they support uncompressed HD video,
but they are too expensive and power-hungry to.make major inroads [5]. And the data
rate required to deliver an uncompressed 1080p video stream is approximated 3 Gbps.
The required data rate is too large hence the UWB and 802.11n standard is not enough
to support the uncompressed HD video stream. In our thesis, we transmit compress

HD video stream using WiMedia standard.

Media
Box(Tx)

Figure 1: wireless real-time HD video service

In [6] [7] [8], the throughput has been improved and tried to reduce average

arrival time of video frames. The payload length and modulation coding scheme

(MCS) are adjusted based on the channel condition to maximize the effective data rate.

These approaches satisfy the required throughput of video service. Throughput is the
-1-



average value of data rate, but the data size arriving at the receiver varies time by time.
It could not guarantee whether the data of a frame arrives in time if the retransmission
policy is allowed. The volatility of instantaneous throughput may cause the frame to
delay, and an error may happen in the service. Sayantan takes the packet error rate
into account in the throughput optimization problem in [9]. If the video frame is
transmitted without retransmission, the arrival time could be predicted and controlled.
The volatility of instantaneous throughput also becomes smaller. It provides better
multimedia performance for lower resolution video without retransmission. For HD
video service, the video frame error rate is usually hard to satisfy the consumer
electronic requirement without retransmission, or the frame may delay caused by
shorter payload length and large portion of overhead in a packet. As a result, the
retransmission policy is required, and arrival time of each frame is also needed to
consider in order to improve the quality of service. We should consider the volatility
and average of throughput jointly.

The arrival time of each frame is tried to be controlled by estimating the required
transmission time which makes the stringent frame error requirement satisfied in [10].
The required transmission time. is~ defined as a minimal period in which the
transmission could be completed and makes the error constraint satisfied. The authors
use the payload length which-maximizes the effective data rate and formulate a model
to calculate the minimal required time based on the frame size. A look-up table is
built to find the solution by interpolation-method; because the problem is an integer
programming problem and hard to.solved punctually in the MAC layer. Interpolation
errors would occur and make the solution-away from the optimal value. The minimal
required transmission time could be further reduced by adjusting payload length and
MCS. For better performance, payload length and MCS should be also thought over,
and an algorithm should be developed to solve the problem punctually in the MAC
layer.

A joint optimization procedure and system architecture are provided to calculate
the minimal required transmission time in this paper. The arrival time of each HD
video frame could be controlled and further minimized under the constraint of
stringent frame error rate with the retransmission policy. The required transmission
time could be minimized by choosing proper payload length in MAC layer, MCS in
physical layer based on the channel condition and frame size. The algorithm could
solve the optimization problem easily and may be applied in MAC layer. This
adaptive technique based on each frame size and channel condition might provide a
reliable wireless HD multimedia service.

In order to increase coverage of video service and reach the strict frame error rate,

MIMO systems is applied to maximize the throughput or reduce the packet error rate.
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Since MIMO systems have been considered in recent years. One of the attractive
features of MIMO systems is a multiplexing gain and consequently a higher spectral
efficiency over single input single output (SISO) systems. According to the channel
state information (CSI) feedback from the receiver to the transmitter. MIMO channel
is decomposed into several parallel spatial channels by singular value decomposition
(SVD). The required transmission time could be minimized by choosing proper
payload length in MAC layer, MCS in physical layer based on each spatial channel
and frame size, and power allocation on each spatial channel based on the channel
condition. We investigate two categories to analysis the required transmission time
using MIMO system. The first category assumes that the video frame is fragmented
into packets with one optimal payload length, and each packet is encoded into
symbols and transmitted between spatial channels. In other words, different spatial
channel transmit symbols with different MCS. The second category assumes that the
video frame is fragmented into packets with several optimal payload lengths. Each
packet with different optimal payload length is mapped to different spatial channel
according to its CSI. And every packet is'divided into chips and transmitted using the
specific spatial channel. That is to say, different payload length’s packet is transmitted
by different spatial channel. ‘And|different spatial channel transmit symbols with
different MCS. The results compare the performance of two categories and show that
the first category gears towards multiplexing gain. It has no diversity gain. The
second category yields both multiplexing gain-and MAC-to-PHY diversity gain with a
little complexity.

Among them is the minimal required transmission time (MRTT) issue which
turns out to be severe when the resolution will get higher and the service coverage
will get longer. In addition to that, from users’ point of view, we can notice that multi
user transmission will be a leading technique in the future. To cope with these
challenges, a two-step power-resource allocation algorithm has been designed to
reduce the required transmission time of each user in this thesis. Here we apply two
multiuser MIMO transmit preprocessing techniques for the downlink of multiuser
MIMO systems. The techniques are block diagonalization (BD) and zero forcing
(ZF) ,which decomposing a multiuser MIMO downlink channel into parallel
independent single-user MIMO downlink channels. It has been shown that a
significant reduction in multi-user MRTT algorithm than TDMA single-user MRTT
algorithm when number of transmitted antenna larger than 4.

This paper is organized as follows. The system model is presented in next section.
We will review the background on MIMO in CHAPTER3. An optimization problem
is formulated and analyze in CHAPTER 4. The simulation results are discussed and
shown in CHAPTER 5. Finally, we draw some concluding remarks in CHAPTER 6.

-3-



CHAPTER 2
SYSTEM ENVIRONMENT AND
ARCHITECTURE

In this chapter, we briefly describe the environment of wireless HD video
transmission in indoor environments. The channel characteristic and properties of
packet transmission are introduced. Besides, a cross-layer system architecture is
constructed for these characteristics

We mainly focus on a single interference-free architecture with K simultaneously
active receivers (wireless HDTVs) served by one transmitter. The configuration of
SISO, MIMO and multi-user MIMO systems are shown in Figure 2, where M
antennas are located at the transmitter and N, antennas are located at the kth receiver.
We assume that signal-to-noise ratio (SNR) is stable during the transmission time of a
video frame [11]. The locations ‘of the transmitter and receiver are mostly fixed for
real-time HD video transmission in-an indoor environment. We assume that the
channel is flat fading and denote.the MIMO channel to user & is Hy, which is a Ny *M
matrix. The (i,/) element of H; is the complex gain from the ith transmit antenna at
the transmitter to the jth receive antenna at-receiver. Its elements are independently
identically distributed (i.i.d.) zero. mean complex’ Gaussian random variables with
unity variance. The multipath effect could be resolved by proper channel estimation
techniques. Hence we suppose that channel state information (CSI) is known perfectly
at both transmitter and receiver, the transmitter can adapt its transmission strategy
relative to the channel. SNR is stable in this situation. However, SNR sometimes
changes by people movement, and this shadowing effect influences SNR slowly.

SNR may change frame by frame. The packet success rate could be estimated by
the values of SNR, payload length, and MCS [7][8]. During the transmission time of a
video frame, the packet success rate is a constant if the payload length and MCS are
selected. The events that the packet arrives at the receiver successfully are
independent of each other, because each packet is received independently. As a result,

the transmission of packets could be considered as a Bernoulli trial.
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Figure 2: system model

A cross-layer system architecture is shown in Figure 3. At the transmitter, the
MAC control unit mainly consists of four parts, a video buffering controller, the
transmission performance improvement unit-(TPIU), a scheduler, and a packetization
unit. The video buffering controller is used to control video frames from the
application layer, and it would drop ‘the expired frame for real-time service and then
setup for another. The frame size to be transmitted is passed to TPIU by it. TPIU
selects MCS and payload length adaptively to minimize the required transmission
time based on current frame size and channel condition from PHY. To reduce the
possibility of interruption, the required transmission time would be reserved prior to
the transmission by the scheduler. The selected parameters, MCS and payload length,
would be sent to PHY and the packetization unit. The frame is fragmented into
packets by the chosen payload length, and then these packets is delivered to PHY and
transmitted to the receiver by optimized MCS. At the receiver, each packet is received
correctly in accordance with the order of transmission base on Imm-ACK mechanism.
After the packets of a video frame are all received correctly, the video frame is
aggregated and sent to the decoder to further process. If the frame is expired, the
resource would be released to another transmission.

An optimization procedure is required in TPIU. It considers the payload length
and MCS jointly based on the frame size and channel condition. The mathematical
analysis and algorithm for this procedure will be investigated in the following chapter.
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CHAPTER 3
BACKGROUND ON MIMO

Multiple antennas at the transmitter and receiver of a wireless communication
system can increase data rates and performance. In this chapter we provide an
overview of the parallel decomposition on MIMO channel of single-user and
multiuser MIMO channels. This chapter starts with models that were developed in an
attempt to describe precoding techniques for multiplexing gain and interference
cancelation applications for MU-MIMO. Applying these techniques, we reduce the

complexity and provide a simple system model to analyze TPIU in next chapter.

3.1 Single-user MIMO

MIMO systems are defined as point-to-point. communication links with multiple
antennas at both the transmitter and receiver: In particular, recent research has shown
that MIMO systems can significantly increase the data rates of wireless systems
without increasing transmit power or bandwidth. The cost of this increased rate is the
added cost of deploying multiple antennas, the space requirements of these extra
antennas and the added complexity required-for multi-dimensional signal processing

[11] .

3.1.1 Spatial multiplexing

In this section we focus on the precoding techniques to enhance the spatial
multiplexing gain of single-user MIMO channels. We consider the perfect channel
state information at the transmitter during this thesis. The system model is shown in
Figure 2 and assume number of receivers K=1. The received signal y of the single

user MIMO system can now be expressed by the following equation:

y=Hx+n (D)

Where y is an N;-by-/ vector and x is the M-by-1 transmitter signal vector. He CN1*M
represents the flat-fading channel matrix. And n€ CN*! is the i.i.d, unit-variance,

additive Gaussian noise vector at the receiver.



With perfect CSI at transmitter, the flat fading channel matrix H is assumed to be
known at the transmitter and receiver. Applying singular value decomposition (SVD)

to H, we can express it as

H=UDVH (2)

H can be broken down into the product of three matrices - an orthogonal matrix U, a
diagonal matrix D, and the transpose of an orthogonal matrix V. Where UTU = I,
VTV = I; the columns of U are orthonormal spatialvectors of HH" | the columns of V
are orthonormal spatialvectors of H'H, and D is a diagonal matrix containing the
square roots of spatialvalues from U or V in descending order. Replacing (2) into (1),

we obtain
y 2 Uty =URUDVHX + Uln=Dx +n (3)

Where y £ Uy, % £ Vx, 71 £ Un. Note that .the channel matrix H has been

decomposed into rank(H)=m =min(M, N;) parallel spatial subchannels since D is

diagonal.

An important result of the SVD precoding technique show that the single user
MIMO system is than transformed into m parallel SISO system. The parallel SISO

system is shown in Figure 4. Where 4; is-i-th. diagonal element of D.

M antennas

J? qLNl antennas 2
1
Y u Y
. ) Ut Rx

R & ;

v
>

Tx Vv

Figure 4: Parallel decomposition of single-user MIMO system

SVD technique make a significant contribution to analyze the subchannel power
gain easily; hence the received SNR at each spatial channel can be derived. According
to the received SNR at each spatial channel and using SVD, the optimization
procedure to calculate the minimal required transmission time by adapting the MCSs
and payload length will be investigated in next chapter.

-8-



3.2 Multi-user MIMO

Multi-user MIMO has recently emerged to be a leading next-generation-network
technology. There has been considerable recent interest in Multi-user MIMO
communication due to their potential for dramatic gains in channel capacity.
Multiuser MIMO techniques have several key advantages over single user MIMO
communications [12]. Research in this area has focused on throughput maximization.
However, there still has multi-user interference and multi-antenna interference
degraded the throughput. The goal of this article is to provide a method minimizing
the required transmission time base on instaneous channel condition (SNR) for
wireless HD and guarantee the QoS for each user. For simplicity, linear precoding
technique will be applied to overcome interference and measured the received SNR.
And the multi-user MIMO system will be transformed to multiple single user MIMO
systems. In this way, the MRTT will be investigated in next chapter. The rest of this
chapter will introduce two linear precoding techniques, which are zero forcing (ZF)

and block diagonal (BD).

3.2.1 Zero forcing

In this section, we introduce’ the system.model and briefly account the zero
forcing method for multiuser MIMO systems presented in [13]. The configuration of
multi-user MIMO system is shown in Figure 2: system model Considering the
scenario that (™9 denote the transmit symbol at i-th antenna for user n, and w®?
denote the additive white Gaussian noise symbol at i-th antenna for user k. The

received symbol at n,-th antenna for k-th user can be express as:

ykm=glen) YK _ sl ) p(d) (o) (4)

Where H®™) is | *M flat fading channel matrix at n,-th antenna for user k and
T is M *] precoding matrix at transmitter corresponding to i-th antenna for user 7.
The principle aim of zero forcing technique is to design {T(”'i)}nﬂ_.,{;i:l__,\,n such
that all multi-user interference and multi-antenna interference are zero. In this view,
H&MIT®D = 0 only whenn = k and i = ny,. In other words, it can be shown that

the solution is equivalent to equitation (5).

HEMITMD =0 forn + k &i # ny %)



Here we let T = D AMD  and choose V™Y is a matrix that contacting all
spatial vectors of [H(D . H®&)  HENO], o .. corresponding to zero spatial
value. Also choosing A™? is contacting all non-zero spatial vectors of [H™Dy @]
and 2™ is the corresponding vectors have all singular values. There is still
limitation on number of transmitted antennas M > (XX_; Z?’:nl 1) — 1. Because there
should exist at least one spatial vector which is null space of
[HOD L HED HENOY, o ini Also A isa M — [(XK_; ¥0 1) — 1] by one
vector. Replacing this to equation (4), we can rewrite the equation (4) as equation (6)

and the precoding method shown in Figure 5 as example.

y (k) = g (eng) T (eni) p (ki) g (Ronk)

(6)
=H(k'nk)V(krnk)A(k'nk)b(k'nk) + n(krnk) :A(krnk)b(krnk) + n(k'nk)
i AD » VD, L= HAD,,
bt NERIIRDNCRITIN(RD
Equivalent CHsi
(DD ]y =4UDAC1)E
— 2, > 2, 2
b2 Al g = V82 H H y(12=4(12h(12 1 (12)
Equivalent CH 1+
[HADVM2 =g @A 2)H
2D A®D 3 = V@D = HODi y@D=g@Dp@Dp@D
Equivalent CH 1%
[HRDYQD ]y =g@D(ARDYH
W ACD o » V@2, L HEDy
bt y2D=g(22)h22)1 (22
Equivalent CH 1%
[HRDVQ2) |4y =g @(AC)H
W A(3’1)2*1 > V(3’1)7>:<2 > H(3’1)1*7 >
’ yB.D=aGDpGD 3D
Equivalent CH 1%
[HEDVED 1,4y =aBDAGD)H
] A% [+ VO3, [ HOZy
y(32=4(2p3.21n(3.2)

Equivalent CH 1+
[HODVGD) ], =aBD(ACH

Figure 5: The example of ZF precoding technique
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After multiplying precoding matrix T®"), the received symbol can be written
as general Single-user multi-input single-output (MISO) case. By estimating channel
matrix H and applying the ZF technique, the received SNR at i-th antenna for user &
could be estimated. Therefore, the [M,K*N] multi-user MIMO system can be
simplified to KN parallel (M — (KN-1)) x 1 single-user MISO system. Figure 6 shows
the example of zero forcing technique with [7,(2,2,2)] multi-user system transformed
to 6 parallel (2,1) single-user MISO system. [7,(2,2,2)] multi-user system denote a
system have 1 transmitter with 7 transmit antennas and 3 receivers with 2 antennas

each.

[7,(2,2,2)] MU- MIMO system 6 parallel (2,1) MISO system
"{F" 2 antennas :'ﬁ YT
7 antennas J? \;L Rx 1 :'ﬁ ¥
j "{L 2 antennas :'ﬁ Y— ]
BA® s ==
'{L 2 antennas :'ﬁ Y o
Y e e

Figure 6: [7,(2,2,2)] MU-MIMO system to 6 parallel (2,1) MISO system

3.2.2 Block diagonal

This section outlines a procedure for finding the optimal precoding matrix such
that all multi-user interference is zero [14]. Reference to Figure 2, In a downlink
multiuser MIMO system with K users, which is so called the (M,KN) multi-user
system. The transmitted symbol of user i is denoted as a R -dimensional vector b® |
which is multiplied by a N x R precoding matrix T® and sent to the basestation

antenna array, the received signal for user & can be represented as

y(k):H(k) Z?:l T(l)b(l) + n(k) (7)

-11-



The interference is seen by other user’s signal i to user k, and n® is AWGN noise
with CN(0,1). To eliminate the multi-user interference, the key role of block
diagonal is to precode each user’s data b with precoding matrix T®, such that

T® is unitary matrix and

HOT® =0 foralli+j&1<i,j<K (8)
If we define HO as:

FO=[g®"  gt-nTga’  geo™r (9)

In order to satisfy the constraint in (8), T shall be the null space of H®. Here we

set TO =VOAD and choose V¥ is a matrix that contacting all spatial vectors of

If(l)corresponding to zero spatial value. Let P; represents the rank of V. HO =
[HOV®] interprets the equivalent single-user MIMO channel. Applying singular

value decomposition (SVD) to HW; we can express it as

HO = y®OpHs® (10)

Choosing A® equal to S, the received signal ‘for-user k after BD precoding

technique can be represented as:

y €9)

(>

gy Gyt g gk @@ g™yt

=y O FK y®AOp® 4yt

g gty 400 p0 4 g, 00 (11)
—yTm A0 p00 4 gyt 00

=y gt pto g 400 p00 4 yeoH w0

—_pWp® 4 g, w0

There is still limitation on number of transmitted antennas M > K(N — 1). Because
there should exist at least one spatial vector which is null space of
H®. Also D® isa M — K(N — 1) by one vector. The BD precoding method is shown

in Figure 7 as example.
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y
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Equivalent CH 5+
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Figure 7: The'example of BD precoding technique

After BD precoding technique, the received symbol can be written as general
Single-user multi-input single-output (MIMO) case. By-estimating channel matrix A
and applying the BD technique, the received SNR at i-th antenna for user k could be
estimated. Therefore, the [M,K*N] multi-user MIMO system can be reduced to K
parallel (M — K (N-1)) x 1 single-user MIMO system. Figure 8 shows the BD
technique with [7,(2,2,2)] multi-user system transformed to 3 parallel (3,2) single-user

MIMO system.

[7,(2,2,2)] MU- MIMO system 3 parallel (3,2) MIMO system

\IIL 2 antennas
7 antennas J? \;L Rx 1

T YP" 2 antennas _

Rx 2

\IL 2 antennas
YL Rx 3

Figure 8: [7,(2,2,2)] MU-MIMO system to 3 parallel (3,2) MIMO system
-13-
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CHAPTER 4
MATHEMATICAL ANALYSIS AND
ALGORITHM

In order to achieve the video frame error criterion with insufficiently large packet
success rate, the retransmission mechanism is then the conventional solution but at the
cost of the extra delay. As to reduce the possibility of interruption in the transmission
process, the required transmission time would be reserved prior to the transmission by
the scheduler. The following parts in this subsection, we will define the optimization
problem of MRTT base on single user, single-user MIMO and multi-user MIMO
systems. And provide a relatively comprehensive analysis the impact of payload
length, modulation coding scheme on required .transmission time, and then we will
solve the optimization problem.  Finally, the optimization framework will be

addressed.

4.1 Minimal Required Transmission Time

In this subsection, we formulate.a mathematical model for the analysis of the

minimum required transmission time for HD video transmission.

4.1.1  Single user transmission on wireless HD

Suppose that a video frame is fragmented into Ny packets with a fixed payload
length L bytes. We reserve a period for the transmission in which more packets than
the fragments could be transmitted. If the transmission of these fragmented packets
could be completed during the reserved time, the frame transmission succeeds. The
transmission time may shorter than the reservation, and the remaining time could be
released for other transmission. Since the transmission of these packets is a Bernoulli

trial in this period, the error rate P,, that the frame is not able to arrive at receiver is

P = (M) P Lyt (1= Py e (12)

i=0
where P() is the packet success rate (PSR), y; is SNR, m is the mode of MCS, and Ng

is the number of packet which could be accommodated in the reserved period.
-14 -



Considering all possible transmission paths with the retransmission policy, we can

regard the reserved period as a bound to reach the error constraint P,,.

The required transmission time is defined as a minimal period in which the
transmission of a frame could be completed and makes the error constraint satisfied. It
could be minimized by adapting payload length and MCS to the channel condition

and frame size. The joint optimization problem is formulated as

min Ngi(L) * T(L,m)
Lm

subject to

> () Pas L myt e 1 - PO Lm)Yet < (13

i=0

D
Np(L) = g

L=0

where D and T() represent the data size of a video frame in bits and the transmission
time of a packet respectively;-and P.is the target frame error rate. This optimization
problem still involves the integer programming, and its complexity should be reduced

further.

In order to solve the optimization problem (13), we would like to transform it
into an explicit form in terms of L and m. The constraint should be also modified to
reduce the complexity. First, P and T are replaced by the functions in terms of L and
m, and then we modify the frame error constraint. We estimate PSR of two cases. One
is the transmission with only modulation, and the other is the transmission with the
convolution code and modulation. The packet success rate can be formulated as

[16][17]:

8L
P(y,,L,m) = (1 - PM(Vs))T for modulation only (14)

(1- PL{”(yS))SL for convolution code

where b is bits per symbol in modulation, Py( ) is symbol error probability of
M-QAM, and B]*() is union bound of first event error probability corresponding to
PHY-mode m for coded situation. Py (y;) and P™(ys) could be calculated based on
the channel condition y; and PHY-mode m according to the equations from [16] and

[17]. The transmission time of a packet 7(L,m) is given by
-15 -



T(L,m) =%+Ot(m) (15)

where 0O;(m) 1is total overhead of a packet in PHY-mode m including
acknowledgment, either positive (ACK) or negative (NACK), and other redundancy,

and R(m) is transmission rate corresponding to PHY-mode m in bits per second.

4.1.2 Single user MIMO transmission on wireless HD

In this subsection we focus on the analyzing the MRTT of single-user MIMO
channels. We would provide two mathematical models to analyze TPIU. In these two
category, we will applied SVD precoding technique to precode the transmitted data
and measure the current channel condition. The single-user MIMO system will
transform to equivalent non-interfering single-user SISO system. Without lose of

generality, we suggest single-user 2-by-2 MIMO system during this formulation.

With category 1, to optimize the transmission petformance of HD video, TPIU
selects MCSs and payload length adaptively to minimize the required transmission
time based on current frame size and channel conditions from PHY. The reference
stack design is shown in Figure 3 and Figure 9. At the transmitter, the video frame is
fragmented into packets by the optimal payload length L, and then these packets is
delivered to PHY and transmitted to the recetver by optimized MCSs. With current
SNR of each equivalent SISO channel, the TPIU unit will encoded the packet into
chips and modulated to symbols with two types. These two type of symbols than sent
to the precoding matrix. Finally, the spatial channel 1 will transmit the symbol with
Cj, R; and M, and the spatial channel 2 will transmit the symbol with C», R;and M,.
Where Ci, Ry and M; are represent the code rate, data rate and modulated chip per
symbol with spatial channel k. Since the packet is encoded and modulated with two

types, the packet success rate can be formulated as:

C*Lz

Pmama(y, Ly, L) = (1= PP(rs,)) " (1= PP(xs,)) ((16)

Where P;*() represents the symbol error probability Py( ) of M-QAM and union
bound of first event error probability corresponding to PHY-mode m for coded

situation BJ*(). ys, represents the current SNR of equivalent SISO channel . Ly is

-16 -



the equivalent payload length in a packet with Cj, M. The minimum required
transmission time is occurred when each spatial channel has the same transmission

time. Hence L; and L, can be formulated as:

L*R
= L1 = L
{LlL-Il— LZL2 L:> (RitRy)
R — _L*Ro 17
Ry R, L2 = TR (17)

Substituting the equation ((17) into equation ((16), the packet success rate can be

represented as:
C*L*Rq CxL*R,
Pmlmz (Vsl IVSZ ] L) = (1 - PI;rl(y.S‘l ))(R1+R2) * (1 - P};n(ySZ ))(R1+R2) (18)

Reference to equation (13), the MRTT of single-user 2-by-2 MIMO system can be

written as:

min  Ng(L) * T(L,mq, my)

Lmqmy

subject to

ZNF— N . ) |
=0 ( L ) ( ,'}/SZJ )l ( m mz(y '] ’[)) R <
i= ]S] L * I — P 1

19
N(L)_D (19)
FA=7 8L
T(L ) = oL +0
Mtz = (Ry + Ry) ‘
L>0

Where O; is total overhead of a packet in time. 7{() represent the transmission time of
a packet according to L,mq, m,. In this problem, the goal is choosing the optimal
payload length and MCSs that achieving the MRTT. And we will solve the problem

1n next section.
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H PDU 11 CRC Header and CRC with
robust R and QAM
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Antennal Antenna2 With
WithR1,C1 R2,C2 and M2-

and M1-QAM QAM

Figure 9: The diagram of MAC packet with category 1

In contrary to category 1, the category 2 transmits packets with optimal payload
length L; to the equivalent SISO spatial channel £ before precoding. TPIU selects
MCSs and multiple payload length adaptively to minimize the required transmission
time based on current frame size and channel conditions from PHY. For instance,
considering single-user 2-by-2 MIMO.system, the video frame will divide the packet
into two types which are with optimal payload length.L,; and L, respectively. The type
k packet will encoded into chip with-code rate Cj and-modulated with M; chips per
symbol, then sent to the precoding matrix corresponding to spatial channel k. The
reference diagram is shown in Figure 3-and Figure 10. For the MRTT calculation with
category 2, each type of packet is transmitted to the spatial channel independently.
Hence we focus on minimize the‘maximal requited transmission time of the spatial

channel. The optimization problem can be formulated as equation (20).

min ) maX(NR1(L1) * Ty (Ly,my), Npa(Ly) * T (Lo, mz))

Lqi,Lzmq,m

subject to

. . Ngy(Ly)—i
( 1— Z?’:FS(LQ 1 Céle(Ll)Pml (ysl ’Ll)l * (1 — Pml(y51 ,Ll)) e ) * (20)

NRz(Lz)—i)

( 1— Z?’:Fg(Lz)—l CéVRZ(LZ)PmZ (Vsz ’ Lz)i % (1 — pm2 (Ysz , Lz)) >

(1_Pe)

Ng1(Ly) * 8Ly + Npp(Lp) 8L, =D
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CxL CxL
Py, L) = (1= PR (r,)) P (s L) = (1= PR())

8L,

8L
T(mel) =— + Ot(m1),T(L2,mz) =
R(my)

R(m,)

+ 0:(m3)

Ngq1(Lq) * 8Ly, Npp(Ly) 8Ly, 20
Li,L, =0

Where the video frame error rate constraint is transform to the frame success rate
constraint. Since the transmission of these packets with each spatial channel is a
Bernoulli trial in this period, so the frame success rate is multiply all spatial channel
success rate that all packets transmitted with specific spatial channel arrive at receiver.
And there still another question that the proportion of number of type 1 packets
divides by number of type 2 packets should be derived. And we will simplify the

question (20) in next section.

Witk R1, C1
and M1-QAM

L1
Equivalent SISO
H I PDU 1 I CRC channel 1
L2

channel 2
WithR2 ,C2
Header amd CRC with and M2-QAM
robust R and QAM

H I PDU 2 CRC ] T SISO

-

Figure 10: The diagram of MAC packet with category 2

4.1.3  Multi-user MIMO transmission on wireless HD

Applying the ZF precoding technique or BD precoding with SVD technique, the
Multi-user MIMO system will transform to multiple equivalent SISO channel pairs.
Therefore, the objective is that guarantee the QoS of all users, so we want to minimize
the maximal transmission time of the SISO channel pair, the MRTT algorithm can be

formulated as:

-19-



Minimize  max (Ng, , (Lin) * Trg, (L Micn) ) K = 1, . K,n = 1,..N
subject to

Ng, (Lg1)-1 Ng, (L L Ng, , (Lgq)—i
<1 B Zi:g'l( ) ¢ mua kil)Pmk'l (VSk,ka,l) * (1 — P (ysk,l‘Lk'l)) . ) Tt

Nryo (Len)=1 _Neyy (Licw) ! Npjop (Lin) =1
(1= sl e pma ) (1= P ) ™) 2

(1 _Pe) ,kzl,...,K
N

z NFkn(Lk,n)*8Lk,n =D, k= 1,..,K
n=1 !

PP (1o L) = (1 P 0 )) ™ k= 1, K m = 1,

Ney o (Licn) *8 % Ly 2 0,k = 1,.. K, n. =11, LN

Lgn=0k=1,..Kn=1,.N

Where k and n represent the receiver number and spatial channel number respectively.
The video frame success rate constraint should be reached of each user. And each
spatial channel transmits the symbol with best PHY-mode and the packet with optimal
payload length to minimize the réquired transmission time. Compares in single-user
MIMO system, we must guarantee the QoS for each user, hence the water filling
method is not suitable for multi-user application. Joint design the power allocation

scheme and resource allocation per antenna base maintain the QoS constraint and

provide higher resource utilization efficiency.

-20-
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4.2 Transformation of the optimization problem

4.2.1 Single user transmission on wireless HD

To simplify the frame error constraint, we would like to express N as a function
in terms of Np, P(ys,L,m), and P,. The left side of frame error constraint is a
cumulative distribution function (CDF) of binomial distribution, and it could be
approximated by a CDF of standard normal distribution provided by Molenaar (1970a)

[15]. The first constraint in (13) becomes

®({4 * Np(L) — 13%° + {1 = P(y5, L,m)}*® — {4 = Ng(L) = 4 Np(L) + (22
30.5%P(ys,L,m)0.5<Pe

where®()is the CDF of standard normal distribution. If we reserve more time, the
error rate becomes lower. In other words, the required time becomes shorter if the
error rate approaches P,. As a result, the required time reaches optimum in (13) when

the constraint is equal to the target frame error rate £.. The constraint is rewritten as

O({4 Ne(L) — 1)°5 + {1 — P(ry, L)} = (4 x Np(L) — 4+ Ne (L) + (23
30.5%P(ys,L,m)0.5=D(e)
Where ®(e)= P.. ®() is a one-to-one function, so the inputs is identical in both

sides of (23). We can solve the equality and get the equation

2
(e—J(A*N—1) (1 =Py, L,m))) 1 (24)
Ng = [N — 1] + + -
r=Ne—1] 4 % P(ys, L, m) 4
Combining (13) (14) (15), and (24), we transform the original problem (13) into

2

(e_J(4*(é)—L)—1)*(1—(1—p)CL)) 1

Min [(é)_L) N 1] * 4% (1—p)Ct t2

(25)

’ {R (an) + 0 (m)}

subjectto L =0

where p represents the symbol error probability Py (y,) in the uncoded case or the
union bound of the first-event error probability P"(ys) in the coded case, and C is

8/b or 8 for the uncoded case or the coded one respectively.
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4.2.2 Single user MIMO transmission on wireless HD
Considering category 1, the MRTT can be written as (19), the simplify method is

similar to 4.2.1. Replacing the binomial CDF by a normal approximation, and the
frame error rate is reached the target frame error rate P,, we transform the original
problem (19) into

min NR(L) * T(L, ml)mZ)

Lmqmy

2

CxL*Rq C+L*Rp

(e_\/(4*(;%)_1)*(1_(1_%—;”(}’51 ))(R1+R2) *(1—Pl‘;n(y52 ))(R1+R2))>
2 1
- [(E) B 1] + C+L*Ry C-L'R3 + i (26)

4*(1_,);)110,51 ))(R1+Rz) *(1_pl;n(y52 ))(R1+R2)

{(R18+LRZ) + Ot}

subjectto L=0
Where ®(e)=P..

Taking into account of category 2, let us define the spatial channel success rates
as (1- P,;) and (1- P.;). The frame success rate constraint can be written as (1 —
P,;) * (1 —P,;) = (1 — P,).-Since the frame error rate is very small, we can see that
P,y + P,, = P,. With a change of variables, let us'set P,y = P, = 0.5 * P, = ®@(e).
Therefore, the frame success rate constraint can be transform into two independent

frame error rate constraints. i.e.:

Npy(L1)-1 ; (L)—i
<Z F1(l1 C?,Rl(Ll)Pml(Vsl , Ll)l . (1 _ pma ()/sl ,Ll))NRl Ly L> > P,

i=0

Npa(Lz)-1 . ()_.
(Z F2(L2 C§VR2(L2)pm2 (VSZJLZ)I * (1 — P™2(ys, ,Lz))NRz Ly l> = Pe,

i=0

Applying the normal approximation by Molenaar (1970a), the number of packet
which could be accommodated in the reserved period Ng;(L;) and Ng,(L,) can be

replaced as:
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2
<e - \/(4 * Npg(Lg) — 1) * (1 — (1 — PP (ys, ))C*L1)>

C+Lq

Ngi(Ly) = [N (L) — 1] +

4+ (1= P(rs,))
2
(e— SN -0 (-0 -rpe ) ) @8

+ =
4 (1= P"(rs,))

Ngy(Ly) = [Npo(Lp) — 1] + CoL, 4

Where ®(e)= 0.5 *P.. Combining ((28), we can convert the optimization problem
(20) as:

Minimize T

T= Ngy(Lq) * Ty(Ly, my) = Ngp(Lyp) * To(Ly, my)

2
<€ - J(‘l’ * NFl(Ll) - 1) * (1 - (1 — Pl';n(y51 ))C*Ll)) X
+=

4+ (1= P (r,)) Z
2
(e - \/(4 * Npp(Lp) — 1) * (1 — (1 — P(ys, ))C*L2)> 1
+

C+L, +7

45 (1= P (15,)) 4 (29)

Ngi(Ly) = [Npy(Ly) — 1] + CoL,

Ngz(Ly) = [Npa(Ly) — 1]

Np1(Ly) * 8Ly + Npp(Ly) * 8Ly =D
Npy(Ly) * 8Ly, Npp(Ly) % 8Ly =0

T = Npy(Ly) * Ty (Ly), Npz(La) xTp(Ly)
LyL, >0

It can be verified that the objective function is occurred when the required
transmission time of two spatial channel are equal. In order to solve this problem, we
need to divide the video frame into two parts, D, and D,,. By simulation, we can
see that the video frame size is approximated linear with MRTT in Figure 11. Hence
for fixed SNR 1y, using least square method, we can built up a table contain
parameters P, ,, and P,,, . Consequently, by table look up, the transmitted frame size

of equivalent SISO channel pairs are:

{ TV1 = TVz

Dy1 + Dy2 =D

- {Dyl * P1'V1 + PZ»Y1 = DVz * Pl;)/z + PZ.Vz (30)
D},1 + Dy2 =D
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_ D*P1:V2+P2,Y2_P2,Y1

D
- £} Pl.]/1 +P1,]/2
DVz =D_DV1

Where T, denote the MRTT of y,. D,, is the transmitted equivalent video frame

Yk
size of spatial channel corresponding to yi. Py, and P,,, are the least square
parameters of y;. After replaced these variables by the function of L and applied the

equation ((30), the optimization problem is defined as:

T =Max(T,,T,,)

( (e—\j(Az*Nm(Ll)—l)*(l_(l_PZn(ySI ))C*u))
. D
Min Ty1 = [(S_Zi) B 1] + 4*(1—P’g‘(y51 ))C*Ll

\ )

D _ DxPyy+ Py — Py
L=
v Piy1+ Py,

(31)

( (e— j @eNa()=D+(1-(1-F} 1, ))C*L2)>

|
MinT, = [(‘;—Z) —1]+ T + {(Bxﬂ) +0}

ax(1-P}(r,,)

Note that the optimization problem in the above form converted to two independent
optimization problems, like the single-user SISO system. And the MRTT of MIMO

system is the maximum one of each spatial channel.
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4.2.3  Multi-user MIMO transmission on wireless HD

In order to solve the QoS provisioning problem for all users, we introduce a
efficient power allocation method. Since the transmitter and receiver are fixed in
indoor environment, without considering fading gain, the power received from

transmitter at receiver i is given by

PRi=PTi*Gi ,l=1,K

K
ZPTi:Ptotal (32)

The nonnegative number G; represents the path gain from the transmitter to the i th
receiver. G; can encompass path loss, shadowing, antenna gain, coding gain, and
other factors. Pr, denotes the power transmitted from transmitter to receiver i.

P;ota1 Tepresents the total transmitted-power.

Our power allocation method 1s shown below. First, we let all user has same
receive power, Pg = Py, , k'= 2, .. K. This method solve the location problem, it
can allocated more power on some-user that far from transmitter. It secures some
outage users. Second, we apply optimal power allocation for each user. The optimal
power allocation in this case is a “water-filling” and shown below, where power and
data rate are increased when channel conditions are favorable and decreased when

channel conditions are not favorable.

2
Gi,n

Pr,n = max (0,& — 5)
ai,nl

(33)

N
Z PTi,n = PTl'
n=1

By table look up method similar to category 2, the equivalent frame size of each

spatial channel with each user is given by
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Ty =Ty, = =Ty
D

Yk + DVk,z ot DVk,N =D
- {Dyk'l " Pl'yl + PZVV1 = DVk,z * Plr)/z + PZJ/z == DVk,N * Pl.VN + PZ.VN
Dy, + Dy, + -+ Dy =D
1 11 1 1[%,1] [ D ]
Pry, Py, O 0 Dy, Poy, = Poy, (34)
=l 0 Py, Py 7 O] |=| : |éAkV=Bk
0 0 Pl.yN—1—P1_yN lDVk,NJ [pz - PZ.VN-1J
=Dy, = [Ak_1 * Biln1

Where yy, denote the SNR of spatial channel n with user k. T}, denote the MRTT

of Yxn. D is the transmitted equivalent video frame size of spatial channel

Ykn
corresponding to yg. Py, , and P, = are the least square parameters of yy .

Finally, applying power allocation method, and table look up method, the equation
((21) is transform into optimal MRTT of each spatial channel pair, and the MRTT of

the multi-user system is maximum MRTT of all spatial channel pairs.

T:Max(Tykn),k =1,.K,n=1,..N

Yin

= min Dren) _ 1
8Lyn

(e - \/(4 * Np (L) — 1) * (1 _ (1 B (e ))C*Lk,n))z 1}
' m Colrn +g
45 (1= B (yen)) ,
* {(%::) + Ot(mk,n)}
Dy = [A ™" = Biln1
Lgn=0

e= ® 1(1/N = P,)
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4.3 Optimization framework

4.3.1 Single user transmission on wireless HD

To find the payload length and MCS that minimize the required transmission
time, we use two-step procedure to solve (25). In the first step, we fix each
PHY-mode m and calculate the optimal payload length and minimal required
transmission time in each mode. Second, we choose the minimum of transmission

time among these PHY-modes.

Fixing m, we use Newton's method to find the optimal length L". Since objective
function is a convex function of L, we can calculate the optimal length L* by
first-order differentiation of the objective function and then apply Newton’s method
to find its root. The root is the optimal length. Newton’s method is one of the most
useful methods for finding successively better approximations to the roots of a
real-valued function, and Newton’s method can converge quickly. In our case, it
converges at most six iterations if the initial guess of L is set to be zero. It can be
accelerated by choosing proper initial value. The algorithm of Newton’s method is
summarized as follows: Step 1: Let f{L) be the object function in (25). The derivative
of f is zero at the minimum, so the minima can be found by applying Newton's

method to the derivative. Set a initial guess L( ),-and use the iteration given by

f'(L,
Loy =L, + f..iL g (36)

where f ( )and /() are the first and second derivatives of f respectively. The iterative

procedure stops when L, ;- L, is less than the specified tolerance. We can get the
optimal payload length in each PHY-mode, and then the best PHY-mode could be
determined by selecting the minimal required time among the PHY-modes. In practice,
the optimal PHY-mode under different channel conditions is built into a table, and the

payload length is the only variable for the optimization problem (25).

A mathematical model is formulated to minimize the required transmission time
based on the channel condition and frame size. The optimal joint adaptation of
payload length and MCS could be obtained by solving it. The detail of the algorithm
operated in TPIU is as follows:

Stepl: Measure current SNR y, and frame size D.
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Step2: Choose the optimal PHY-mode m based on y;.
Step3: Determine the C, O,(m), and R(m) according to m.
Step4: Calculate the error probability p based on m and y;.
StepS: Use Newton's method to get L.

Step6: Determine the minimal required transmission time.

4.3.2 Single user MIMO transmission on wireless HD

Similar to single-user SISO case, by looking up the table, the optimal PHY-mode
is choose under different channel conditions. And applying the Newton's method to
find the optimal payload length in (26) ((31) for different categories, the detail of the

algorithm operated in TPIU is as follows:

Category 1:

Stepl: Report channel condition and measure the current video frame size (D).

Step2: Using SVD technique and applying water-filling power allocation, then report
current SNR (y; ) on each equivalent SISO channel pair.

Step3: Choose the optimal PHY-mode m based on each y; .

Step4: Determine the C, O, (m),and R(m) according to-each PHY-mode m.

StepS: Calculate the error probability p based on each m-and ;.

Step6: Use Newton’s method to get L~

Step7: Determine the MRTT:

Category 2:

Stepl: Report channel condition and measure the current video frame size (D).

Step2: Using SVD technique and applying water-filling power allocation, then report
current SNR (y; ) on each equivalent SISO channel pair.

Step3: Using the lookup table to calculate the transmitted equivalent video frame size
D,; and Dy, for each spatial channel.

Step4: Choose the optimal PHY-mode m based on each y; .

Step5: Determine the C, O, (m) ,and R(m) according to each PHY-mode m.

Step6: Calculate the error probability p based on each m and ;.

Step7: Use Newton’s method to get optimal payload length corresponding to each
spatial channel.

Step8: Determine the MRTT of each spatial channel and choose the maximal one be
the MRTT of single-user MIMO system.
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4.3.3  Multi-user MIMO transmission on wireless HD

The MRTT algorithm is a standardized measure designed to predict the
minimum required transmission time of wireless HD video system. Applying
precoding technique and power allocation method, we can choose the best PHY-mode
m and the corresponding optimal length to minimize the required transmission time of
each equivalent SISO channel pair for high quality HD video transmission. The detail

of the algorithm operated in TPIU is summarized below:

Stepl: Report channel condition and measure the current video frame size (Dy) that
will transmit to receiver £.

Step2: Using the lookup table to calculate the transmitted equivalent video frame size
for each spatial channel.

Step3: Using ZF or BD precoding technique and proposed power allocation method,
then calculate current SNR (y; ) on each spatial channel.

Step4: Choose the optimal PHY-mode m based on each y; .

Step5: Determine the C, O, (m) ,and R(m)according to each PHY-mode m.

Step6: Calculate the error probability p based on eachm and y;.

Step7: Use Newton’s method-to get optimal payload length corresponding to each
spatial channel.

Step8: Determine the MRTT for each spatial channel and choose the
maximal one be the MRTT of the multi-user MIMO system.
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CHAPTER 5
SIMULATION RESULT

WiMedia transmission protocol will be used as the simulation platform in this
paper. WiMedia standard specifies the ultra wideband (UWB) for a high-speed,
short-range wireless network, and HD multimedia service could be operated over it.
The same procedure could be also applied to other systems with capability to

transmitting HD videos.

5.1 Simulation model and parameters

The system parameters are listed in TABLE 1. Seven PHY modes are provided
with different modulation and convolution coding schemes for link adaptation. We
also include the case without channel coding, because the uncoded case will get better
performance rather than coded case in high SNR -range. The details of these
parameters can be referred to [10] and [18]. The packet in WiMedia is called the
physical protocol data unit” (PPDU) composed of three components: the PLCP
preamble, the PLCP header, and the physical service data unit (PSDU) have shown in
Figure 12. The interval of ¢PLCP-.preamble is 9.375us for Immediate
Acknowledgement (Imm-ACK) policy. The PLCP header must be sent at a lower data
rate of 39.4Mb/s to guarantee the correctness. The PSDU can be sent at the data rate
chosen from TABLE I due to different PHY-mode. The length of PLCP Header
mainly composed of PHY header, MAC header, and header check sequence (HCS) is
26 bytes. The length of PSDU varies according to the frame payload length from 0 to
4095 bytes. Because of we need to simulate the impact of the payload length on

reservation time, so the payload length is not constraint in this thesis.

8 octets

PHY Tail MAC HCS Tail RecedSollmon Tail Frame Payload FCS Tail Pad
Header Bits Header Bits Parity Bits Bits Variable Length :0-40950ctets Bits Blts
6 bits 10 octets 2 octets 6 bits 6 octets 4 bits 4 octets 6 bits
‘ PLCP Preamble ‘ PLCP Header ‘ PSDU ‘

-4———394Mb/s————p4-106.7,160.200,320,400,480.640Mb/s—p=

Figure 12: WiMedia Standard PPDU structure
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The overhead in each packet transmission contains two parts, the cost of
retransmission and the necessary control information of different MAC format in a
packet. The detail of transmission mechanism with Immediate Acknowledgement
(Imm-ACK) policy during the reservation time is shown in Figure 13. The receiver
should respond with an Imm-ACK frame after a period of Short Interfarme Space
(SIFS) for each packet transmission. To derive the first event error probability, the
weight spectral of the punctured convolutional code has been computed in [19].
TABLE II shows the code rate corresponding to the free distance weight spectral, and
generator polynomials. Forward error correction (FEC) is performed by rate-1/3
convolutional coding. The higher code rates of 1/2, 5/8 and 3/4 are obtained by
puncturing the original rate-1/2 code, and the constraint length is 7. The packet error
rate could be calculated from these parameters. In the case of HD videos, the video
frame size of HD video is from 0.3 to 3 Mb with about 45 dB PSNR [20]. Without
loss of generality, we assume the videorframe size is equal to 1 M bits and the frame
rate of video is 30 frame per seconds in the following simulation. The corresponding
constraint of transmission delay is 1/30 ;second. Due“to the limited buffer size at
decoder, we consider the situation that the first video frame arrives at the receiver and

then the decoder starts the decoding procedure.

- Contention free period — »
4—Ttrnn—h§*—Ttmn—.€ ?‘—Tlr“m—.‘
Framees o Frame e : Frame H; id-i
i ¥ i // 9
TSIFS I-ACK TﬁlF.‘a I-ACK // 'I.SII-'S 1-ACK

Figure 13: Frame transaction analysis with Imm-ACK

TABLE 1
PSDU rate-dependent Parameters

PHY mode R (Mbps) Modulation Code Rate Ot (us)
Mode 1 106.7 QPSK 1/3 50.48
Mode 2 160 QPSK 1/2 50.36
Mode 3 200 QPSK 5/8 50.31
Mode 4 320 DCM 1/2 50.24
Mode 5 400 DCM 5/8 50.22
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Mode 6 480 DCM 3/4 50.20

Mode 7 640 DCM Without coding 50.18

TABLE II

CONVOLUTIONAL CODE PARAMETERS

Code rate | Generators dfree (ad; d = df: df+1; - df+ 19)
1/3 133, 165,171 15 (3,3,6,9,4,18,35,45,77,153, 263, 436, 764, 1209, 2046, 3550,
5899, 10002,16870, 28701)
1/2 133,171 10 (11,0, 38,0,193,0,1331, 0, 7275, 0, 40406, 0, 234969, 0,

1337714, 0,7594819, 0,43375588, 0)

>3 133,165,171 | 6 (1,19,71,168,546,2004,6391,21431,71709,235868,0 ... 0)

3/4 133,165,171 |5 (4,36,175,882,4486,23156,120602,622937,3216664,1662899,0 ...
0)

5.2 Numerical result

Figure 14 shows the variation of required transmission time with different SNR,
and the related description of'each case is listed in

TABLE III. The required transmission time of each approach is selected from the best
mode in TABLE I. The discontinuity of each.curve is caused by the mode adaptation
to the shortest required transmission time. The real optimal solution to the integer
programming problem (13) is close to minimal required transmission time (MRTT)
solved from (25). The original problem is converted into another with lower
complexity by the normal approximation (23), and it still retains a good accurate

solution. We could get the payload length and required transmission time in each

mode within six iterations using Newton's method in our simulation result when the

initial value L() is set to be 1 byte. TABLE IV is the best PHY-mode of MRTT in
different SNR regions, and the details of adaptation are shown in Figure 15. We could
select the best PHY-mode based on instant SNR by this table. The computation
complexity in MAC layer could be reduced significantly.
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Figure 14 : Required transmission time versus SNR with D = 1Mb and Pe=10"°

TABLE I

Cases-of simulation

Case name

Description

Real optimal

Solye from the problem (13)

MRTT

Solve from the problem (25)

Optimal throughput

The payload length and MCS is set to
maximize the effective throughput and
the related shortest required transmission

time is estimated.

Restricted packet error rate

The packet error constraint is set less
than 10, and the shortest required

transmission time is estimated.

MRTT(sec)

Mode 1
==4-= Mode 2
==4-- Mode 3
==4-- Mode 4
=-=4-- Mode 5
Mode 6
B8 -+~ Mode 7
MRTT
delay constrant(1/30 s)

SNR(dB)

Figure 15 Link adaptation with Pe = 10"°
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TABLE IV

LINK ADAPTATION THRESHOLD FOR MRTT

m 1 2 3 4 5 6 7

SNR(dB) | 3.1-6.3 | 6.3-8.5 | 8.5-12.9 | 12.9-15.4 | 15.4-16.6 | 16.6-20.6 | 20.6-

We use the payload length to optimize the throughput in the optimal throughput
case, and the payload length is chosen to satisfy the packet error constraint in the case
of restricted packet error rate. The required transmission time of these cases are both
larger than MRTT in Figure 14. Figure 16 presents the effective data rate and packet
error rate in each case. The effective data rate is higher in the optimal throughput case.
Although average transmission time of a frame is reduced by the higher data rate, the
dramatic variation of the transmission time may increase the required transmission
time caused by larger packet error rate. The required transmission time is larger to
prevent errors by delay. In the case of restricted packet error rate, the payload length
must be short enough to reduce the packet error rate, and it would provide a stable
transmission time of a frame..However, it reduces the effective data rate caused by the
large portion of overhead in.a packet, and the transmission time of a frame is longer
with the lower effective data rate. The algorithm of MRTT trades the variation of
transmission time off the effective ‘data rate, and it could minimize the required

transmission time further.

Frame size = 1M bytes

T M B e ———— .
= MRTT Coooo
optimal throughput ?
=ik = Restricted packet error rate

throughput(bps)

SNR(dB)
(a)
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Figure 16: Effective throughput and packet error rate versus SNR with D =1M

The required transmission time of one video frame at SNR=7dB with optimal
throughput algorithm and our proposed MRTT algorithm are plotted in Figure 17. We
see that by applying our method to estimate the minimum required transmission time,
the probability of required transmission time larger than MRTT is less than frame
error rate constraint, which is 10 In this situation, the MRTT provide a video frame
transmission time bound that.frame error rate constraint can be maintained. Hence
MRTT support a good way to schedule video frames of all users in multicast
multi-user environment. In TABLE V, average transmission time of one video frame
in optimal throughput algorithm is larger than our proposed algorithm, but there has a
lot probability that required transmission of a video frame is larger than average
transmission time. Using average transmission time scheduling algorithm in multicast
multi-user environment may cause the frame to delay, and an error may happen in the
service. The MRTT of our proposed algorithm is lower than optimal throughput
algorithm, hence our proposed algorithm can support more users ((37) in multicast

multi-user environment

Ny =

delay constraint J
minimum require transmission time

(37)
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OPT Throughput
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MRTT
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.
7.4 8.3 9.1 9.9 10.7
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Required transmission time of one video frame at SNR=7dB (ms)

Our proposed

14.0 y =0.0149 49
Y =2e-007

X=0.0101
Y =1e-007
—— | | H—N-

838587909.29.49.69810.110. - 00103 Required transmission time of one video frame at SNR=7dB (ms)

Y =2e-007

Figure 17: PDF of required:transmission time of'a video frame at SNR=7dB

TABLE V

Our proposed algorithm 'VS. Optimal throughput alrorithm

Our proposed OPT throughput
PHY MODE 2 2
Payload length (bytes) 3470 15504
Average required transmission time (s) 0.0084 0.0079
Standard deviation of the required transmission | 1.6081e-004 6.4013e-004
time
Minimum required transmission time (s) 0.0098 0.0140
Support user number 3m 2
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We will show the result that applying the PDU-based link adaptation strategy in
TABLE IV to minimize the required transmission time. In this part, three types of
system performance were evaluated to show the difference between methods. We now
evaluate the impact of the MRTT algorithm in fading channel. Figure 18 shows that
the MRTT of SISO case with received SNR equal to 5 dB without fading gain. Fading
gain is caused of the variation of SNR. The video frame is transmitted frame by frame.
The x-axis means the video frame number and SNR means the instaneous channel
condition. We can see that the MRTT is higher when SNR getting worse in this figure.
Since packet error rate is very high when SNR getting worse, the required
transmission time is getting large when retransmission is always occurred. The
differences in responses to category 1 and category 2 were also statistically significant
(see Figure 19 and Figure 20 below). The two categories present a striking contrast. It
is observed that the MRTT of category 2 is better than categoryl. We found a
significant correlation between the packet error rate (18) in category 1 and channel
condition. The packet error rate. will increase a lot when one channel has low SNR.
When all channels have high SNR, the MRTT of category 1 is better than category 2,
since the binomial CDF approximation is more accurate when number of fragmented
packets with a video frame is large. Further, it is obyiously that the performance of
water-filling power allocation’is better than equal power allocation in Figure 19 and
Figure 20. The fail rate and average MRTT are summarized in TABLE VI and
TABLE VII. The delay constraint is 1/30 seconds per frame. If the transmission time
of the incoming frame larger than 1/30 seconds, the decoder cannot decode this frame
in time and a fail occur. The definition of fail rate is determined that the number of
video frame which MRTT higher than delay constraint divide by all transmitted video
frames. The category 2 with water-filling power allocation has lowest fail rate since a
fail occur only when all channel getting worse. In addition, because of the packet
error rate of category 1 is sensitive to worse channel, hence the fail rate of category 1
is higher than SISO system. These results clearly demonstrate the sharp contrast that
the architecture of category 1 gears towards multiplexing gain. It has no diversity gain.
The architecture of category 2 yields both multiplexing gain and MAC-to-PHY

diversity gain, since category 2 is workable when one channel fail.
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Figure 18: SNR VS. MRTT of received SNR=5dB (large scale) with SU-SISO system
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Figure 19: SNR VS. MRTT of received SNR=5dB (large scale) with SU-MIMO

system
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System

TABLE VI

The fail rate corresponding to different SNR with different systems

System\fail rate.\SNR 5dB 10dB 15dB 20dB
SISO 0.3100 0.0400 0.0100 0
MIMO Method2
. 0.0200 0 0 0
Water filling
MIMO Methodl
. 0.5600 0.2400 0.0900 0.0300
Water filling
MIMO Method2
0.0700 0 0 0
Equal power
MIMO Method1
0.8800 0.3800 0.1400 0.0500
Equal power
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TABLE VII
The average MRTT corresponding to different SNR with different systems

system\average
y d 5dB 10dB 15dB 20dB
MRTT\SNR
SISO 0.0155 0.0096 0.0063 0.0043
MIMO Method2
. 0.0095 0.0059 0.0038 0.0029
Water filling
MIMO Method1
. 0.0090 0.0054 0.0040 0.0023
Water filling
MIMO Method2 Equal
0.0116 0.0065 0.0040 0.0029
power
MIMO Methodl
0.0107 0.0052 0.0037 0.0022
Equal power

In Figure 21, there have one transmitter and tow receivers, and each receiver has
2 antennas. Also each receiver has 10Db SNR. per teceived branch. We found a
MU-MIMO diversity gain when number of transmitted antenna is greater than 3. This
figure emphasis that the MRTT algorithm can be applies to MU-MIMO system and
we can reach the MU-MIMO diversity gain in our algorithm.

(TX antenna number,[2,2]) system, SNR per RX branch=[10dB,10dB]
0.02 " i T

== MRTT of single-user MIMO TDMA system
== = = MRTT of multi-user MIMO system with BD technique

0.005
1

TX antenna number

Figure 21: MRTT of single-user MIMO TDMA system VS. multi-user MIMOsystem
with BD technique
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Human body shadowing is a significant propagation effect in indoor environment.
In our simulation, we consider one moving people at a distance of 10 meters
apartment [1]. The simulation environment presented here is shown in Figure 22. We
assume the transmitted power is 23dBm. The non-line-of-sight path loss model is
given as [2]. The simulation result is shown in Figure 23, we only show the 10
minutes HD video play. The variation of SNR is caused by moving people in Figure
23(a), and the variation time between two SNR is 0.98 (s). The frame rate is 301ps,
hence the number of video frame is 30*60*10. In Figure 23(b), the video frame size
of different video sequences using H.264 Intra-frame coding reference software,
JM12.3, is listed. The peak to signal noise ratio (PSNR) is about 45dB. In Figure
23(c) , we can see that there is no error occurred in HD video play. Every video frame
arrived at the receiver before the delay constraint even the video frame size is up to 2
M bits. We provides a wireless link technique which can support about 45dB PSNR
compressed 1080p HD movie in a 10 meters sthrough walls apartment with WiMedia

standard, and guarantee the frame error rate constraint and the delay constraint.

O TX

Non line of sight

< =10M—p»  Areawith
moving people

«=10Mp>

O RX

Figure 22: Indoor environment
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CHAPTER 6
CONCLUSION

To conclude, we propose the architecture and algorithm for real-time HD video
transmission. The retransmission policy is used in this architecture to satisfy the
stringent frame error rate of consumer electronic requirement effectively. The arrival
time of each frame varies caused by retransmission, but it can be controlled by the
proposed algorithm. We provide a mathematical model to minimize the required
transmission time by adjusting the payload length and MCS based on instant SNR and
the video frame size. Our findings are not in contradiction with those of the
throughput optimization studies discussed before. With regard to real-time HD video
transmission, our findings confirm the importance of the variation of the throughput.
The throughput and variation of transmission time can be considered together in this
model. A major finding is that the.algorithm of MRTT trades the variation of
transmission time off the effective data rate to reduce the required transmission time.
And we also provide an efficient way to analyze the MRTT of single-user MIMO and
Multi-user MIMO systems. This. finding also suggests that the packet should transmit
to different spatial channel with different payload length. The optimal value of
payload length and MCS could be calculated iteratively, and the iteration number in
each mode is less than six. MRTT is accurately and efficiently calculated from the
mathematical model of the proposed algorithm, and related parameters, the payload
length and MCS, are determined and applied in the system architecture. Despite the
advantages of MRTT algorithm, it does have some limitations. First, we assume that
channel state information at transmitter, this CSIT seriously limits the accuracy of
MRTT. Moreover, the size of video frame should be large, since there has more
elasticity of choosing the optimal payload length to meet the frame error rate
constraint and derive the MRTT. In spite of these limitations, the results indicate that,
applying overall architecture, we can guarantee the high quality of real-time HD video
service. For the future work, the MRTT algorithm should combine in the scheduling

mechanism. And OFDMA should be considered in the system design.
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