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Abstract

In the future, AP and devices will equip with more antennas. There are
several multiuser MIMO (MU-MIMO) protocol have been propose to allow
multiple nodes to exploit the MIMO capability by transmitting concurrently.
However, in single multicast session transmission, those existing protocol
such as LTE and 802.11ac do not utilize the MIMO capability. The current
mechanism just use the lowest rate to transmit the multicast session to make
sure all clients can receive successfully. This paper introduces HybridCast,
a MU-MIMO protocol that enables concurrent multicast session and unicast
streams transmission. We fully utilize the degree of freedom (DoF) provided
by multiple antenna and available link margin to transmit the unicast streams
concurrently while doing no harm to multicast session. We also design the
transmitting mechanism which is compatible with current 802.11ac and LET
system. We show that HybridCast leverages the link margin and MIMO capa-
bility to provide more throughput gain than simple multicast or ZFBF protocol

via testbed experiment and large scale simulation.
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Chapter 1

Introduction

Nowadays, the devices and base stations are equipped with more and more antennas. The
current standard, such as 802.11ac and LTE-Advance, enable concurrent transmission of
multiple unicast streams using MIMO technology. However, those standards transmit the
single multicast session without utilizing the advantage of multiple antennas. Besides, the
multicast traffic is usually sent at the lowest rate. The received SNR is usually higher
than the required SNR. In this paper, we want to harvest throughput gain in the single
multicast session transmission by leveraging multiple antenna and link margin to send

multiple streams.

Motivation: Since DoF is underutilized and link margin is unused, our goal is to
enable concurrent multicast and unicast streams to fully utilize the DoF and available
transmitted power. To enable the HybridCast design, we need to consider the following

two challenges.
Challenge 1: How to maximize the number of concurrent streams?

The naive solution is to treat a multicast stream as multiple unicast streams, and apply

ZFBF to include additional unicast streams. For example, a 4-antenna base station can



serve four clients when applying ZFBF. If there are three multicast receivers; ZFBE can
include additional one unicast stream. However, in some cases, such a simple 1d‘ea i$ not
always work. For example, if there is a 4-antenna AP which needs to server fiveamulticast

receivers, ZFBF cannot work obviously.

Challenge 2: How to concurrent transmit unicast streams without harming multicast

clients?

Concurrent transmission of multiple streams will introduce interference. Although
ZFBF can avoid the interference from other streams, it only allows client to use single
antenna to decode the signal, which may reduce the performance since receive diversity
is waste. How to protect the multicast transmission while leveraging multiple antennas to

improve the rate is a big challenge.

Contributions: We propose HybridCast, a joint multicast and unicast beamforming
scheme that delivers unicast streams concurrently with the multicast session. To achieve
this goal, we propose a method that can schedule maximum number of concurrent uni-
cast streams. Further, we propose a precoding and decoding scheme that can fully utilize
the available DoF. We also design a multicast beamforming scheme and power control

mechanism to leverage the link margin.

We build our prototype using USRP-N200 platform over a 10MHz channel operating
on 2.4GHz range. The experimental results show that HybridCast indeed harvest through-
put gain by combining unicast streams transmission. In the link margin experiment, we
show that the multicast beamforming scheme enlarges the available link margin. We also
evaluate the performance of video transmission. We use the multicast transmission to
send the video stream. The final result shows that HybridCast will do no harm to the mul-

ticast session while concurrent unicast transmission since our design will null the unicast



interference to all multicast clients.

The rest of this paper is organized as follows. Chapter 2 summarizes relatéa_;ﬁvorks.
Chapter 3 gives a simple illustrative example of our scheme. Chapter 4 and 5 desériBe
the proposed HybridCast protocol and address some practical issues. Chapter 6 shows the

experimental and simulation results. Finally, we conclude the paper in Chapter 7.



Chapter 2

Relative Work

(a)Multicast beamforming in MIMO system: There are some papers aim to provide bet-
ter performance to single multicast transmission by utilizing the MIMO capability. [14]
proposes two optimization problems to improve single multicast session: minimize trans-
mitted power which subjects to received SNR constraint and maximize the minimum re-
ceived SNR which subjects to transmitted power. Since both problems are NP-hard, they
approximate the solution by semidefinite relaxation (SDR) and use randomization tech-
nique to satisfy the constraint. But the SDR approach is too computationally and may not
apply to hardware platform, [7] presents a faster algorithm by iterative updating the multi-
cast precoding to a better direction to achieve slightly better performance than SDR-based
method. [5] divides the problem into subproblem. It first studies the optimal solution
of two antennas BS for MIMO single multicast. For the arbitrary antennas BS, they pro-
pose a method by iterative transforming the original problem into the two-antenna one and
improve the solution. [4] proposes an adaptive switch mode between spatial multiplexing
mode and spatial diversity mode depending on whether received SNR is high or low to pro-

vide better performance. ADAM [2] presents a joint adaptive beamforming method and



MAC layer scheduling design to improve the multicast system in wireless 'LANS. .'Th'ey
also use software define radio platform to demonstrate the performance gain.' }%li'."[.hose
papers mentioned above only consider how to improve the single multicast trﬁnsrﬁiﬁioh.
However, some multicast services only use the lowest rate to transmit. All those methods
will not get much benefit since the lowest transmission rate is enough. Instead, not only
improving the multicast session, our HybridCast also combines the unicast transmission

to harness the throughput gain.

(b)Multi-user MIMO: Multi-user MIMO protocol allows multiple clients to commu-
nicate with a single or multiple AP concurrently. There are many theoretical works have
shown the promising gain of multi-user MIMO [17] [8] [3]. There are also some systems
that try to realize and demonstrate the feasibility of multi-user MIMO in [18] [13] [16].
[18] presents a scalable MIMO architecture that enable real time signal processing when
there are tens or hundreds of antennas. Argos [13] and SAM [16] allow multiple single
antenna clients to communicate concurrently with a multiple antenna AP. JMB [11] tries
to utilize multiple AP to form a large virtual MIMO node and serves multiple clients con-
currently. OpenRF [9] presents a cross layer design architecture to manage multiple AP to
communicate with multiple clients concurrently by leveraging MIMO techniques to void
interference. Turborate [12] deals with the rate adaption problem in uplink when multiple
clients transmit to AP concurrently. Our HybridCast is also a multi-user MIMO protocol.
However, we deal with the problem to transmit concurrent unicast streams while protect-
ing the multicast session since we utilize single multicast transmission to send multiple

stream concurrently.



Chapter 3

Illustrative Example
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Figure 3.1: Motivating example: A 4-antenna AP wants to send a single multicast session
and two unicast streams concurrently shown in the figure. The receivers m1, m2 and m3
belong to the multicast group. The receiver ul wants to receive the unicast stream z¥
(green). The receiver u2 wants to receive the unicast stream z4 (red).
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Before we start to introduce HybridCast design, let us illustrate a simple example to tell
you how we enable the concurrent multicast and unicast streams transmission. Consider
the scenario shown in Fig. 3.1. There is a 4-antenna AP transmitting a multicast session.
There are two unicast receivers, i.e., u1 and u2, which have downlink traffic want to join
the transmission. In this scenario, AP has ability to transmit two unicast streams and the

multicast session concurrently.

Transmiting the multicast session: At the beginning, AP will transmit the single



Variable define

M number of transmitted antennas N
of AP . =
k number of concurrent unicast
streams
vm A set that contains all multicast
receivers
|V number of multicast receivers
N; number of antennas of receiver 1
H; the channel matrix from AP to
receiver i
Wi the precoding vector of multicast
session
W; the precoding vector of unicast
stream 1
R; the decoding vector of receiver i

Table 3.1: Variable definition in the paper

multicast session. When multicast session is transmitted, each receiver belongs to mul-
ticast group can learn the multicast signal in their antenna space. To decode the symbol,
they project on the direction that they receive the multicast session. We say this direction
is the wanted space of multicast receivers. In Fig. 3.1, blue line is the wanted space of
m1. For the receivers that do not want to receive the multicast session, they project on
the direction that orthogonal to the multicast stream. For example, in Fig. 3.1, the dotted
black line in w1 is its wanted space and the multicast stream in blue line is its unwanted

space.

Transmitting the first unicast stream: Now, we want to join the first unicast stream.
It is a challenge to transmit a unicast stream without introducing the interference to those
receivers which belong to multicast group. To address this problem, we leverage the
MIMO techniques called interference nulling and interference alignment [3]. In Fig. 3.1,
when u1 joins the transmission, the unicast stream transmitted for «1 needs to perform

interference nulling at the antenna of m1. To see how interference nulling operates, let us



see what m1 receives. Let x,,, and z} denote the symbols of multicast session.and the.first
unicast stream, respectively, and let /,,,; be the channel from AP to receiver ml’ml can
receive the signal y,,1:

T T u
Ym1 = Hmlxm + Hmlxl + N

where 7" means matrix transpose operation and n,,; is the gaussian white noise ob-
served at m1. When we apply precoding vector IV, and WW; to multicast session and the
first unicast stream respectively, ¥,,; becomes:

Ym1 = Hlemxm + ng;lWlxlf + ny

m

There are two terms in ¥,,,;. The first term H Eﬂ W, 1s the wanted signal of receiver
m1. The second term H I, W, x¥ is the interference. To null the unicast interference of ul,

the following constraint must meet :

HY W, =0 (3.1

By satisfying the constraint Eq. 3.1, we can ensure that m1 will not be interfered by
unicast stream . Now, let us see what happens to m2 when we transmit the multicast
session and the first unicast stream concurrently. Since m2 has two antennas, it has ability
to decode the multicast session and the first unicast stream. However, if we want to join the
second unicast stream, there will be total three streams which occupy the 2-dimensional
antenna space of m2. m2 will not be able to decode all the signals successfully. In this
situation, we need to apply some MIMO techniques to help receiver m2 decode its signal.

If we directly apply interference nulling at m2, there will be total two constraints needed



to be satisfied because the first unicast stream need to be canceled at the two.antennas of
m?2. But, instead interference nulling, if we perform interference alignment atlr';ﬁ%:;'there

will be only one constraint needed. Let us see what m?2 receives :

Ymz = R HE Wz, + REHE W 2% 4 s

Recall that the multicast session is first transmitted. After m2 learns the projection
of multicast session, it will directly project the decoding vector 7,2 on the direction that

along with the multicast session. Therefore, The decoding vector R,,» is determined by.

Rz = (HypyaWin)'
where 1 denotes matrix hermitian transpose operation. Substitute this term into the
equation, the received signal of m2 becomes :

Ymz = WEH o) HE W@ + (W Hypo) HE W 28+ 1o

m

where % means conjugate operation. Since AP knows the channel term H,,,5 and mul-
ticast precoding vector W,,,, the interference alignment can be achieved by solving the

Eq. 3.2.

(WEH,0) HE W, =0 (3.2)

From the above result, we can see that we need to satisfy only one constraint when we
apply interference alignment. The first unicast precoding vector W; can be calculated by
solving the simultaneous equations Eq. 3.1 and 3.2. Since there all total two constraints

and AP has four available DoF, this simultaneous equations has infinite solution except

9



for the 0 vector. The 0 vector solution is unacceptable because it prevents AP0 transmit

the first unicast stream.

Transmitting the second unicast stream: We will show that how we concufrent
transmit the second unicast stream. When the second unicast stream joins the transmission,
m1 will receive the additional interference signal :

Ym1 = HT1mem + H,?ﬂWlff + HnTﬂW?xg + N1

m

HE Wiz} has been canceled in previous step. However, when we add the second
unicast stream, there will exist an addition interference term. To prevent the interference
of second unicast stream, we use the interference nulling again as we mentioned before in

previous step. The following constraint we will have if we apply interference nulling:

HY Wy =0 (3.3)

Now, let us consider the receivers m2 and u1 which do not want to receive the second
unicast stream too. Since those two receivers have multiple antennas, we perform inter-
ference alignment on those receivers to align the interference to their unwanted received
space. We will have the following two constraints needed to be satisfied when we perform

alignment at m2 and u1:

R W3 Hyy = 0 (34)
ROWS Hyy =0 (3.5)

Let us check whether we can find a solution for the unicast precoding vector Ws.

10



Since there are total three constraints from Eq. 3.3, 3.4 and 3.5 and AP has total four,DoF
available, the unicast precoding vector I has infinite solution. We can pick arbiﬁ_-réi‘y one

except for the 0 vector as its solution.

Zero-forcing and successive interference cancellation: Now, let us consider how
m3 and u2 decode their signal. Since those receivers have number of antennas no less
than the number of concurrent transmission streams. They have ability to decode all the
signals. In this case, we apply Zero-forcing and successive interference cancellation (ZF-
SIC) decoder on those receivers. The main idea of ZF-SIC decoder is to decode all the
interference signals first. Then, re-encode the interference to construct original interfer-
ence signal and remove it from the received signal. Finally, we can decode the desired
signal as if the interference does not exist. The general rule to apply the ZF-SIC decoder
is when the number of antennas of the receiver is no less than the number of concurrent
transmission streams. The reason for this limitation is that, in this case, the receiver has
available DoF no less than the number of concurrent streams. Receiver has the ability
to decode all the transmitted streams. Therefore, we can decode all the interference and

cancel them.

11



Chapter 4

HybridCast Design

4.1 Overview

We consider a network where an AP is equipped with M antenna and transmits a multicast
session. The multicast session ™ can apply mulitcast precoding vector W, to serve a
group of multicast receivers, V™. Each receiver m € V™ is equipped with IV, antennas
and it can apply decoding vector R,, to decode the signal. The AP use total P power to

transmit the signal. The signal received by each multicast receiver m € V™ is given by

Y = VPREHTW, 2™ + ny, Vm € Vi,

where 2™ is the multicast symbol transmitted by the AP, H,, is the M x N,, channel
matrix for receiver m, W, is the M x 1 precoding vector of multicast session 2™, R,, is
the IV,,, X 1 decoding vector of receiver m and n,,, represents the additive white Gaussian
noise at the receiver m. Each multicast receiver m can achieve an SNR SN R,,,, depending

on the channel matrix H,,, the AP’s precoding strategy, and the decoder it applies. Assume

12



that the multicast session is transmitted at the bit-rate r, which requires atleast S N R(r) 1o
ensure successful decoding. We define the link margin of receiver m as A.m +H S“NRm =
SNR(r). The AP can hence exploit the minimum link margin A = minméyé Am to
deliver concurrent unicast streams.

Let V" denote the set of users that have downlink traffic and could potentially join
concurrent transmissions, and each user v € V" has N, antennas. Given a selected mul-
ticast session, our goal is to determine: (i) how many unicast streams from V" can be
transmitted concurrently with the multicast session, (i) how to transmit concurrent uni-
cast streams without harming the multicast receivers, i.e., ensuring SNR,, > SNR(r)
for all m € V™, (iii) how to decode the wanted signal in each client to avoid interference,
and (iv) how to allocate the transmitted power and utilize the available link margin A for

unicast streams. We will explain in the next four sections how we achieve the above goals.

4.2 Achievable Number of Concurrent Unicast Streams

How do we enable the concurent umulticast and unicast session transmission? The sim-
plest way 1is directly apply the Zero-Forcing Beamforming (ZFBF) technique [19] [1].
ZFBF allows M -antenna AP to transmit M independent streams. Therefore, M -antenna
AP has ability to serve M clients simultaneously. The idea of ZFBF is to beamform the
wanted signal to its intended client and null the unwanted signal at that client. Hence,
each client can receive the desired signal without being interfered by other streams. In
our scenario, when AP applies ZFBEF, it can treat multicast receivers as | V™| independent
unicast clients, and leave the remaining M — |V™| DoF to transmit the unicast streams.
Consider the example shown in Fig 3.1, where there is a 4-antenna AP which serves three

multicast clients m1, m2 and m3. When AP applies ZFBF, it will treat those multicast

13



clients as three independent unicast receivers. The remaining one DoF can be ﬁse t(; send
unicast stream zj to receiver ul. | = .

However, when the number of antenna of AP M is no more than the ﬁumbgr of .mu'l—
ticast clients |V/™|, This naive ZFBF approach can not transmit any unicast stream con-
currently. For example, an 4-antenna AP can not serve four multicast clients and one
unicast client concurrently by ZFBF technique. However, in some cases, it is possible to
include this unicast client . That is because this naive ZFBF approach cannot efficiently
utilize all the available DoF. Note that it neglects the fact that some clients has ability to
decode all streams. Consider the example in Fig. 3.1, we have explained that by applying
naive ZFBF, the AP could serve three multicast receivers, and one unicast client, u1, con-
currently. However, in this example, it is possible to further include the second unicast
stream x4. We observe that receiver m3 has three antennas and can recover three streams.
The AP hence does not need to do beamforming for m3, and hence can save one DoF
for including the second unicast stream. Specifically, when applying ZFBF, the AP only
need to perform beamforming for the other four clients m1, m2 ,ul and u2. The receiver
m3 can overhear the three streams (2™, z{ and z%) and use its three antennas to decode
the multicast signals ™. Unlike naive ZFBF, which allows an A/ -antenna AP to serve M
client at most, such a modified ZFBF, enables an M -antenna AP to transmit more unicast
streams simultaneously than naive ZFBF.

The key to add more concurrent unicast streams is that some clients have ability to
decode all transmitted streams. Therefore, it is not necessary to exploit |V"| degrees
of freedom to beamforming the multicast streams for each of multicast members. Note
that the multicast receiver with a sufficient number of antennas can recover the multicast

stream from the interfering unicast signals. As a result, in modified ZFBF, AP does not

14



need to cancel the unicast interfernece for those receivers, and it can save 'sofne ﬁoF'to
send the extra unicast streams. | .

Let us give a general rule to maximize the number of concurrent transr’nis’siqn uﬁicaSt
streams. Consider the scenario, say AP wants to transmit k& concurrent unicast streams.
We define the receivers with more than (k 4 1) antennas as strong users because they can
use their antennas to decode (k + 1) concurrent streams, i.e., & unicast and 1 multicast.
On the contrary, all the other receivers with no more than k antennas are called weak
users. We collect all the weak receivers belong to multicast group as a set V,”. Since
the strong users can recover (k + 1) concurrent streams, the AP only needs to cancel the
interfering unicast signals for those weak users but ignore the strong users. Therefore,
unlike naive ZFBF, which treats all the multicast receivers as unicast clients, modified
ZFBF can improve antenna efficiency by only beamforming the multicast signal toward
those weak users. Since sending k unicast streams requires k degrees of freedom, the M-
antenna AP can only use the rest (M — k) degrees of freedom to null for the weak users.
Hence, the M -antenna AP can send k unicast streams only if A/ — & > |V,™|. Hence, the
maximum number of the concurrent unicast streams K * is constrained by the number of

weak users, and can be found by

K*:argm]?x(k:M—kZVkM) 4.1)

Consider again the example in Fig. 3.1. If AP wants to transmit two unicast streams,
then both m; and my are weak users, i.e., |V;"| = 2. The AP has four antennas and hence
M —Fk =4—2 > |VJ"| = 2 holds. However, if AP wants to further send the third
unicast stream, then the set of weak users becomes V;* = {m1,m2, m3}. The constraint

in Eq. 4.1 now does not hold, i.e., M — k = 4 — 3 # |VJ"|. The maximum number of

15



concurrent unicast streams in this case is hence K* = 2.

4.3 Unicast Precoding: joint multicast and unicastinter-

ference nulling alignment

To make sure the achievable rate of multicast session will not reduce due to the concur-
rent transmission of unicast streams, we propose a Joint Multicast and Unicast Interference
Nulling Alignment scheme, call IMU-INA. We have illustrated a simple example in Chap-
ter 3 to explain our precoding scheme. In this section, we will tell you how we calculate
the precoding vector that enables concurrent multicast and unicast transmission without
harming the multicast receivers in general scenario. Assume there are £ unicast streams

join the transmission. Our goal is to find all k£ unicast precoding vectors.

Step 1: Protected receivers assignment. The first step to calculate the unicast pre-
coding vector is that we need to know which receivers we need to protect when we transmit
the additional unicast stream concurrently. In other word, those receivers will receive in-
terference if we do nothing for them when unicast streams join the transmission. Take an
example, from Fig. 3.1, when we want to transmit the first unicast stream x\' concurrently,
we need to protect m1 and m2. The simplest way to find all those receivers is to find the
receivers with antenna less than k£ + 1, i.e., k£ unicast and 1 multicast. Such receivers we
define as weak users. We collect all those weak users as a set . If we want to transmit
the unicast stream ¢, the receivers that unicast stream ¢ needs to protect are G — {u; }. The
reason to exclude {u;} is that the unicast receiver u; which wants to receive the unicast

stream ¢ does not need the protection.

Step 2: JMU-INA constraints. Now, we have a list that which receivers we need to

16



protect when transmitting the unicast stream i. Each weak receiver in the list §vill éive a
limitation for the precoding vector of unicast stream 7. For the weak use.r i wxfhsmgle
antenna N; = 1, we need to perform interference nulling to user j because it cﬁnnét éVoid
any interference. For the weak user n with multiple antenna, i.e., IV,, > 1, we align the
unicast interference at its unwanted receiving space. Hence, when the weak user n decodes
along with its wanted space, it will not receive the interference introduce by unicast stream

1. We list the three types of constraints that unicast precoding needs to satisfy at below:

* Interference nulling constraint: The unicast precoding vector ¢ which needs to

perform interference nulling to those receivers needs to satisfy:
T _
HIW, =0 (4.2)

where j belongs to the weak users with V; = 1.

* Interference alignment constraint: The unicast precoding vector ¢ needs to align

the interference to the unwanted space of those weak users by satisfying:
RIHIW; =0 (4.3)

where n belongs to the weak users with V,, > 1.

* Equal precoding vector constraint: In some cases, the two or more unicast pre-
coding vectors may be the same. We use a simple example to illustrate how this
situation happens. Assume all receivers which belong to multicast group are weak
users. There are two unicast receivers join the transmission and those two unicast

users does not belong to weak users. The unicast precoding vectors of these two

17



unicast streams will be equal because they have the same nulling and. aligﬁme’nt
constraints. To avoid this situation happen, we need to add additionél conﬁtralnt to
prevent the equal unicast precoding vector occur. Therefore, the bélow gonsﬁ‘aiﬁt
also needs to be considered:

Wi £ W, (4.4)

where [ belongs to all prior scheduled unicast receiver.

Step 3: Calculating the precoding vectors. In previous step, we list all the constrains
that unicast precoding must satisfy. Then, how do we calculate the precoding vector of
unicast stream ¢ ? This task is simple. We can combine all the nulling, alignment and

equal precoding constraints to form a matrix equation shown below:

gr ... R'H’ ... owl | Wi=0

J

where, j belongs the weak users with V; = 1, n belongs the weak users with N, > 1
and [ belongs all the prior scheduled unicast clients. The solutions of this matrix form

equation are the null basis of the matrix:

Wi=null(\gT ... RTHT ... Wl ...|)

We can pick any one of the null basis as the solution of unicast precoding vector ¢. The

detail algorithm for unicast precoding calculation is in Algorithm 1.
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Algorithm 1 : Unicast precoding vector calculation

Input: k, G, H, R, schedule_unicast_array
Output: W,

1: Initial Wi — {};
2: for each unicast receiver ¢ € schedule_unicast_array do
3 Initial C; — {};
4 for each weak user j € G — {i} do
5: if Nj == 1 then
6 C;=C;U{H]}
7 else
8 Ci=C;U{RTH}
9 end if
10: end for

11: C; =C, UWg;
12 Wi = null(C1);
13: if N7 > k then

14: W, =W, U{WT};
15: end if
16: end for

4.4 Decoding

In this section, we discuss how those receivers decode their wanted signal and avoid the
interference. We define the terms wanted space F*V and unwanted space F". Wanted space
is the projection of decoding vector in receiver’s received antenna space. On the other
hand, unwanted space is the null space of wanted space F" = null (F"). From the previous
subsection, JMU-INA will alignment all the unicast interference to reciever’s unwanted
space. As long as the receiver decodes along with the wanted space, it can avoid the
interference from other unicast streams. Now, we will tell you how those receivers decide
their wanted space. We divide all the receivers into three groups: 1) single-antenna nodes,
1.e., the receivers equipped with single antenna, 2) weak nodes, i.e., the receivers with
1 < N; < k antennas and 3) strong nodes, i.e. the receivers with more than £ antennas.

We use different decoding strategies in those three groups.

1) single-antenna nodes: Since receivers in this group have only one antenna, they can
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Figure 4.1: Antenna space of weak nodes in multicast group.

only decode the received signal from their single antenna without choice. Fortunately,
JMU-INA will null all the interference to those receivers. They can just use standard

SISO decoder to get the desired signal.

2) weak nodes: Receivers in this group have multiple antennas. However, they still have
no ability to decode all the streams. The key point is how those receivers decide their
decoding vectors. Since all the unicast interference will align to the unwanted space by
JMU-INA scheme, those receivers will not receive the unicast interference. The remaining
multicast stream will act an important role to decide the decoding vector depending on
whether the multicast stream is the interference or not. For the weak nodes which belong to
multicast group, multicast stream is their wanted signal. They can apply MRC decoder and
decode along with the projection of multicast stream shown in Fig.4.1. For the weak nodes
which belong to unicast receivers, multicast stream is their interference. When learning
the multicast projection, they will pick a decoding direction that orthogonal to multicast
stream shown in Fig.4.2. Since all unicast interference will project on the unwanted space

of those weak nodes, they can decode the wanted signal without interference.

3) strong nodes: For the strong nodes, they are capable of recovering all the £+ 1 streams.

JMU-INA scheme will not precode for them. However, if they directly decode the wanted
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Figure 4.2: Antenna space of weak nodes in unicast receivers.

stream by projecting the decoding vector along with the direction that orthogonal to all
interference streams. The projected SNR is unpredictable and AP has no idea how to
select the best transmitted rate to transmit their stream. Therefore, instead of using ZF de-
coder, we apply zero-forcing with successive interference cancellation (ZF-SIC) decoder
for strong nodes. The main feature of ZF-SIC decoder is that it enables strong nodes to
decode the desired signal after removing all the interference streams and strong nodes
can directly apply MRC decoder to decode the signal as if the interference does not exist.
Let us illustrate a simple example. Consider the scenario that there are three concurrent
transmitted streams. A strong node wants to decode the third stream. At the beginning, it
will decode the first interference stream by projecting the receiving vector along with the
direction orthogonal to the plane which is formed by the second and third stream. Then,
it re-encodes the first stream and substrates the first stream from the received signal. Af-
terward, it decodes the second stream and substrates the second stream from the received
signal. Finally, only the third stream stays in the received signal and we can apply MRC
decoder to decode the third stream. Since ZF-SIC decoder removes all the interference,

the achievable SNR will not decrease by the interference streams.

21



Algorithm 2 : Decoding vector R calculation

Input: k, V'™, schedule_unicast_array, W,,, H
Output: R

1: for each multicast client: € V'™ do
2 if V; < k then

3 R; = conj(HI'W,,);

4 else

5: Use ZF-SIC decoder;

6 end if

7: end for

8: for each unicast client ¢ € schedule_unicast_array do
9 if NV; < k then
10: R; = null(HI'W,,,);

11: else
12: Use ZF-SIC decoder;
13: end if
14: end for

4.5 Link Margin Adaption

In this section, we will explain how we utilize the link margin. Since in current standard,
such as 802.11 or LET, the multicast session is transmit at the lowest rate to make sure most
of the receivers can receive the service successfully, the received SNR of each receiver is
usually much higher than the minimum required SNR for decoding. Assume the lowest
transmitted rate requires at least SN R(low) to ensure successful decoding and the worst

receiver m which has the lowest SNR in the multicast group received SN R(m).

B
2] k
2

SNR(m) = min 10log

The available link margin is A,, = SNR(m) — SN R(low). We can lower the trans-
mitted power of multicast session but we need to satisfy A, > 0 because we must ensure
all receivers can decode the multicast session successfully after power control. There-
fore, since the total transmitted power is P, we only need to allocate P, to transmit the

multicast session.
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_ SNR(low)
Fn=P SNR(m)

The remaining power P — P, can be utilized to transmit the unicast étre'ams. By
transmitting the multicast session using power F,,, we can make sure all receivers which
belong to multicast group can still decode successfully and we have available power to
transmit unicast streams.

However, in some protocols, the multicast session uses the best rate to transmit. It
means that the transmitting rate is depending on the worst receiver. In this case, we do
not have any available link margin because lowering the transmitted power will lead to
fail decoding of the worst receiver. However, we can try to improve the worst receiver
by applying multicast precoding W,,,. We can enlarge the link margin by maximizing
the SNR of the worst receiver. This problem is an optimization problem with the form
max min SN R(m), where m belong to the worst receiver in multicast group. This is a NP
hard problem [14] and it is unrealistic to be implemented on real system. Instead of using
such complicated solution, we propose a simple multicast beamforming method by finding
a proper multicast precoding vector that enlarges the worst SNR in the multicast group.
The idea of this method is to find the best precoding vector b; for each multicast receiver <.
Each receiver ¢ will get the maximum achievable SNR when applying the best precoding
vector b;. However, |V™| multicast receivers will have || best precoding vectors but
we can only select one precoding vector for multicast precoding. Therefore, we try to
find a sub optimal solution by combining all b; precoding candidates. For example, we
can add a weighting a; for each multicast precoding candidate b; and a; is the inverse of
maximum SNR of receiver ¢ if we use precoding vector b; to transmit. The detail algorithm

of propose multicast beamforming method is in Algorithm. 3.
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Algorithm 3 : multicast beamforming method

Input: V™, H
Output: W,,
1: Initial b;, a;;

2: for each multicast client: € V'™ do

3 if N; == 1 then

4 b; = conj(H,);

5: else

6 b; s the eigenvector with the biggest eigenvalue of H, H;
7 end if

8
9

CL,-:|1 5

HEb;

: end for
V-1
10: Wm = Z CLZb“
i=0
11: Normalize W,
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Chapter 5

Additional Issues

Selection of unicast candidates: When there are many unicast clients have downlink
traffic but AP cannot serve all of them, we need a mechanism to select which unicast re-
ceivers can be served concurrently in every round. How does AP select unicast clients
among unicast candidates? Since we wish that all unicast candidates have equal probabil-
ity to be served, our method needs to satisfy the property of fairness. At the beginning,
AP will give every unicast candidates a random number. Based on the random number,
the unicast candidates with the bigger random number will have the higher priority to be
served. For example, from Fig. 5.1, the unicast candidates 3 has the biggest random num-
ber, so it is the first one to be scheduled. The unicast candidate 5 is the second. However,
we will not allow unicast candidates 5 to join the concurrent transmission since unicast
candidates 5 only has single antenna. From section 4.4, we know that all the interference
will align to the unwanted space of receiver and receiver can decode the desired signal
on its wanted space without being interfered. But unicast candidates 5 only has single
antenna which means unwanted space does not exist and it cannot avoid any interference.

Therefore, we do not allow any single antenna unicast candidate to join the transmission.
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For each new round, AP will assign a new random number to each unlcgst w&rzﬁ\

0 031 om0 073 [

(a) Before prioritizing

B -
L5 082 073 064 044 031

(b) After prioritizing

Figure 5.1: Unicast candidates prioritizing

Transmitted mechanism compatible with 802.11ac and LTE: 1)802.11ac: We il-
lustrate the transmit mechanism in Fig. 5.2. At the beginning, AP will broadcast NDP
Announce (NDP-A) frame to tell all clients to begin the channel estimation phase. NDP-
A frame also contains the information that which clients need to feedback the Channel
State Information (CSI). Then, AP will send NDP frame which contains the common in-
formation that all clients and AP know. Clients can use NDP frame to estimate the channel
fading between AP and their receiving antennas. When all clients calculate the CSI by es-
timation, multicast receiver can feedback the CSI using dedicated subchannel. For unicast
receiver, AP will use polling method to ask them to feedback their CSI. After the channel
estimation process completes, AP will transmit the preambles which contain the informa-
tion that how all the streams are precoding. Clients will know how to decode their desired

signal by learning the preambles. And then, AP can start to transmit the data streams
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concurrently. Finally, to make sure all the unicast stream are transmit succeésfullsl, AP
will use polling method to ask unicast clients to feedback ACK by Block ACK‘-f_Réquest
(BAR) frame. 2)LTE: Since LTE is a central control system, we can use the 'originél chan-
nel estimation mechanism existing in LET system to feedback the CSI of all clients via
dedicated channel. After channel estimation process completes, AP will start to transmit
the preamble to tell all clients how all the stream are precoded. Then, AP will start to trans-
mit all data streams concurrently. When the data transmission is finish, unicast clients can

feedback ACK in dedicated channel assigned by AP.

ap [nDP-a|[NDP| |BF-P| [Preamble] Data | [BAR]
multicast !
receivers H

3 subchannels

S S———

w
n
b
|r----->
y

unicast 1 block ACK

Figure 5.2: Transmitted mechanism in 802.11ac

Estimation of the best bit rate: We need to determine the best transmitted bit rate of
every stream when concurrent transmission occurs. How do we cope with this problem?
Since AP knows the channel state information and the direction of decoding projection of
each client, it can estimate the SNR in each OFDM subcarrier among those clients. Then,
AP needs to translate the SNR to the effective SNR(ESNR). Why we need the ESNR?
That is because the ESNR considers the impact of frequency selective channel of multiple
OFDM subcarriers. Therefore, It will be more accurate to use ESNR instead of SNR to

map the best transmitted bit rate [6]

Time synchronization: In OFDM system, we need to synchronize all nodes within a
cyclic prefix time of an OFDM symbol. To further cope with the delay due to the hardware

processing time and channel propagation, we scale both the cyclic prefix and OFDM FFT
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size by the same factor. This action will not introduce additional overhead bécauée the
percentage of transmitted data and cyclic prefix is remaining constant.: Mored‘ver, this
action allow the system to tolerate synchronization error since cyclic prefix _.afg écaié.up
[15].

Frequency offset: To avoid the inter-carrier interference, every client in the system
should have the same frequency offset with respect to AP. We apply the mechanism pro-
pose in [10] [15] to compensate the frequency offset of those clients. When the AP trans-
mits the preamble, every client naturally estimates the frequency offset with respect to
the AP. Then, every client can synchronize their frequency domain by compensating the

offset.
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Chapter 6

Performance Evaluation

We evaluate HybridCast using both testbed experiments and large scale simulations.

6.1 Experimental results

We implement our design using N200 software define radio, each node is equipped with
RFX2400 daughterboard and communicates on a I0MHz channel. We operate our exper-
iment in 2.4GHz range. We construct a MIMO node using MIMO cable and extern clock
for synchronization. Further, we build our prototype based on GNURadio OFDM code.

We also implement the following component: Unicast scheduler, interference nulling, in-

[ X

—

:ZF-SIC 7SI

uIIingX

-
< <<
rxl] rx2 rx3

Figure 6.1: Experiment scenariol: A 2-antenna BS can transmit 1 multicast and 1 unicast
streams concurrently.
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Figure 6.2: Experiment scenario2: A 4-antenna BS can transmit 1 multicast and 2 unicast
streams concurrently.

terference alignment, ZF-SIC decoder, MRC decoder, power controller and bitrate selec-
tion based on SNR. We change bitrate by using different modulation scheme and coding

rate supported by 802.11 system.

We implement total six scheme in our experiment.

 simple multicast: use equal power allocation on each transmitted antenna to trans-

mit single multicast session.

* ZFBF: use zero-forcing beamforming technique to transmit multicast session and

unicast streams concurrently.

* modified ZFBF: modify ZFBF scheme to enable more unicast clients than ZFBF

to join the transmission.

« alignment only: join the unicast clients by interference alignment to avoid the in-

terference. This scheme transmits the multicast session using base rate.

* HybridCast: HybridCast scheme mentioned in paper.

* mul beamforming only: use multicast beamforming method mentioned in Algo-
rithm 3 to improve the multicast session transmission. This scheme only transmits
single multicast session.
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In our experiment, AP can use base rate or best rate to transmit the multicast session.
Base rate means AP uses the most robust and lowest rate to transmit the multicééﬁ%éésipn. .

Best rate means AP uses highest rate that all clients which belong to multiCQs;t_ group can

still decode signal correctly to transmit the multicast session.

Throughput Comparison: We evaluate the total throughput gain using two different
scenario shown in Fig 6.1 and Fig 6.2. In each scenario, we also evaluate the different

requirement of transmitting rate in multicast session.

total throughput evaluation

100 © _x 0
© * o9
Q x o 1%
(] x O Q
80 o o 8
(] 4 .
: £ 0
60 (%] D.f
- (] )(x— (s} O§
k3] ] o}
© o ¥ ¢
0 O 0 o
© a © —o6— simple multicast(base)
b4 ok g ZFBF
(] 54
20 © o % 0 — % — modified ZFBF
8 5 ¥ 00 ~+B - uni alignment only (base)
6 | x - o ‘ ‘ ‘ ‘ Qe I‘-|ybridCast (bfise) ‘
0
0 10 20 30 40 50 60 70 80

total throughput(mbps)

(a) Base rate
total throughput evaluation

100 - G
80
60
5
o
40
ZFBF
— » — modified ZFBF
20 ~ - simple multicast (best)
& - HyridCast (best)
v T —&— mul beamforming only
0 1 1 1 ]
0 60 80 100 120
total throughput(mbps)
(b) Best rate

Figure 6.3: Total throughput comparison in scenario 1

Experiment1: We use the scenario shown in Fig 6.1, where an 2-antenna AP serves
two multicast clients and one unicast client have downlink traffic. We randomly assign

each MIMO node in different location to make sure the accuracy of experimental results.
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Result: Fig 6.3(a) plots the CDFs of total throughput of different schemes ﬁsiné base
rate requirement of multicast session. From the experimental result, we cén ﬁndthat the
CDFs of simple multicast and ZFBF overlap. That is because, in this séenafip, siﬁlple
multicast and ZFBF can only serve two multicast clients and multicast session is trans-
mitted using base rate. Therefore, the total throughput in these two schemes are equal.
Since modified ZFBF can transmit additional unicast stream compared with ZFBF, the
total throughput of modified ZFBF is higher than ZFBF. Further, we can see that Hybrid-
Cast outperforms than modified ZFBF and alignment only scheme. The reason is that
modified ZFBF does not utilize the receive diversity and alignment only scheme does not
explore the possibility to enlarge the link margin. However, HybridCast leverages both.
The average total throughput are 6(mbps), 6(mbps), 19.443(mbps), 19.7305 (mbps) and
28.4419(mbps) for each scheme shown in Fig 6.3(a) respectively. In Fig 6.3(b), we use
the best rate requirement of multicast session to evaluate the performance in same sce-
nario. From the experimental result, in average, the total throughput of modified ZFBF is
higher than ZFBF because modified ZFBF sends one additional unicast stream. NO sur-
prisingly, HybridCast outperforms than modified ZFBF and simple multicast for the same
reason that HybridCast leverages the advantage of receive diversity and link margin. Mul
beamforming only scheme shows that, instead of using link margin to transmit the unicast
stream concurrently, we can just enlarge the link margin to allow multicast session using
higher rate to transmit. The average total throughput are 25.6063(mbps), 29.6878(mbps),
37.8856(mbps), 49.157 (mbps) and 44.6828(mbps) for each scheme shown in Fig 6.3(b)

respectively.

Experiment2: We repeat the throughput evaluation experiment but in another scenario

shown in Fig 6.4, where there is an 4-antenna AP which serves two multicast clients and
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Figure 6.4: Total throughput comparison in scenario 2

two unicast clients have downlink traffic. We also evaluate two different requirement of

multicast session in this scenario.

Result: Fig 6.4(a) plots the CDFs of total throughput of different schemes using base
rate requirement of multicast session. It verifies that, by leveraging both receiver di-
versity and link margin, HybridCast has the highest throughput gain. We can also see
that the total throughput of ZFBF and modified ZFBF are close. That is because, in this
scenario, both ZFBF and modified ZFBF need to do beamforming to those four clients.
Specifically, ZFBF and modified ZFBF transmit the signal using the same way. The av-
erage total throughput are 6(mbps), 27.2674(mbps), 27.2674(mbps), 36.2236(mbps) and

37.3146(mbps) for each scheme shown in Fig 6.4(a) respectively. In Fig 6.4(b), we use

33



best rate requirement to transmit multicast session. For the same reason wesmentioned

in Fig 6.4(a), ZFBF and modified ZFBF using same way to transmit the signﬂai-.f;"’-"{fhere-

fore, the total throughput of these two scheme are equal. The experimental _resulf also

shows that we can utilize link margin to transmit unicast concurrently like HybridCast or

just improve the multicast session like mul beamforming only scheme. The average to-

tal throughput are 21.2012(mbps), 21.2012(mbps), 27.1122(mbps), 40.6741 (mbps) and

37.4475(mbps) for each scheme shown in Fig 6.4(a) respectively.
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Figure 6.5: Link margin evaluation

Link Margin Evaluation: We next study the link margin gain improved by multicast

beamforming method mentioned in the paper. We evaluate the link margin gain in both

scenario shown in Fig 6.1 and Fig 6.2.
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PSNR comparison using video (city_352_288.yuv)
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Figure 6.6: video evaluation: we use city 352 x 288.yui to evaluate simple multicast
and Hybridcast.

In Fig 6.5(a), we compare the link margin of two scheme. We plot the lowest SINR
of multicast receivers in both scheme because the available link margin in each scheme
is the gap between decoding required SINR and minimum received SINR among multi-
cast clients. In this scenario, we transmit the multicast session using base rate. Therefore,
we plot the base rate required SINR in the figure (green line) to show how much link
margin that each scheme has. From the experiment, we can see that mul beamforming
only scheme has higher link margin compared with simple multicast. The reason is that
the multicast beamforming method can larger the minimum SINR among multicast re-
ceivers. Hence, we can have more available link margin by applying multicast beamform-
ing method. The average available margin of both scheme is 15.005dB and 18.1913dB
respectively.

Fig 6.5(b) plots the link margin using scenario shown in Fig 6.2. In this scenario, we
also show that multicast beamforming method indeed achieves larger link margin gain
than simple multicast transmission. The average available margin in this scenario of both

scheme is 11.5538dB and 16.0508dB respectively.

Video Transmission: We evaluate the HybridCast design using video transmission.
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we use the video city 352 x 288.yui for multicast session. Our experiment ;scenairio' 1S
shown in Fig. 6.1, where HybridCast will transmit multicast session and oné unic'ai‘s;t".'s."c.ream
concurrently and simple multicast only transmits the multicast session. F’r'om. the ekp.ef—
iment result, we show that HybridCast does no harm to the multicast transmission while
transmitting unicast stream concurrently since the PSNR 1is very close to the single mul-
ticast transmission. This means that the received video quality is no different from those
two scheme. This experiment shows that HybridCast indeed protects the multicast trans-
mission while harness the throughput gain from concurrent transmission. The average

Y-PSNR of simple multicast and HybridCast is 67.5081db and 71.7031db respectively.

6.2 Simulation evaluation

We next evaluate our propose scheme in large scale simulation. We deploy all clients in
100m x 100m area. Let maz_rz_ant denotes the maximum number of antenna equipped
on each client. Each clients will equip with antenna from 1 to max_rz_ant uniformly.
We use i.i.d. complex Gaussian channel with zero mean and unit variance and use log-
distance path loss model which the path loss exponent is 3 and the reference receive power
is -25dBm. Our noise power is set to -95dBm and the maximum transmission power of
the BS is 15dBm. In the simulation, we explore the influence of the number of antenna of

BS and the number of multicast clients among different scheme.

Number of antenna of BS: In Fig. 6.7, we show the simulation results of average
total throughput when the number of antenna of BS increases from 8 to 64. In each case,
we run the simulation for 1000 times and we average the throughput result. There are 16
multicast clients, 8 unicast candidates and we set max_rx_ant = 4 in this simulation.

We deploy the clients using the normal distribution. In Fig. 6.7(a), we use base rate to
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Figure 6.7: Simulation result with different number of antenna of BS

send the multicast session. The result shows that almost all schemes will increase the total
throughput since the more available DoF allows them to send multiple streams. The total
throughput of simple multicast remains constant because the multicast is sent with base
rate and the number of multicast clients is fixing. This result demonstrates that HybridCast
harness more throughput gain than other schemes since it fully utilize the DoF and link
margin. In Fig. 6.7(b), we use best rate to send the multicast session. This result also
shows that HybridCast achieves higher throughput gain than ZFBF and simple multicast
scheme. Mul beamforming only scheme also harness more throughput gain than simple
multicast since it utilizes link margin to improve multicast transmission. We also note

that the ZFBF and modified ZFBF are worse than simple multicast. That is because when
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the number of multicast clients is too many, those two schemes can only transtit. the

multicast session. When number of antenna of BS increases, they have ablllti’to send

multiple concurrent streams. However, they only allow clients using siﬁgLe" _;_mten'n!a to
receive the signal. Compared with simple multicast, which utilizes receive diversity by

MRC decoder, ZFBF and modified ZFBF has lower throughput gain.
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Figure 6.8: Simulation result with different number of multicast clients

Number of multicast clients: We show the simulation results of average total through-
put when the number of multicast clients increases in Fig. 6.8. There are total 8 unicast
candidates and we fix the number of antenna of BS M = 16. In Fig. 6.8(a), we use base
rate to send the multicast session. We find that the average total throughput will decrease

when the number of multicast clients is less than 16. That is because when the number of
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multicast clients increase, BS must use more DoF to take care of those multiéast c.'lients
and the number of concurrent streams will decrease. When the number of -multiéa{‘é-t".é'lients
is more than 16, the total throughput of all scheme increase since only the 'mﬁl‘;icasfseé—
sion transmission remain and the number of multicast clients is increasing. In Fig. 6.8(b),
we use best rate to send the multicast session. This simulation result shows that Hybrid-
Cast and mul improve only scheme will achieve higher throughput than simple multicast
and ZFBF scheme since those schemes can utilize link margin and DoF to send multiple
streams or improve the multicast transmission. ZFBF and modified ZFBF scheme has
lower throughput than simple multicast because those two schemes do not utilize receive

diversity but simple multicast dose by using MRC decoder.
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Chapter 7

Conclusion

We propose HybridCast, which enables concurrent multicast and unicast streams trans-
mission. We fully utilize the DoF provided by the multiple antennas equipped on AP and
clients by jointing multicast and unicast interference nulling alignment. We also use the
available link margin to transmit the unicast streams concurrently without harming the
multicast session transmission. Further, to harness more available link gain, we propose a
simple multicast beaforming method to enlarge the link margin. In our real testbed exper-
iment and large scale simulation, we demonstrate that HybridCast improve the throughput

over simple multicast scheme or even ZFBF and modified ZFBF protocol.
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