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Abstract:

This deliverable reports on the testing of the MIMO Medium Access Control (MAC)
algorithms implemented in the MASCOT real-time testbed. The report is split into
three parts: The first part reports on the physical (PHY) layer characteristics of
the MASCOT testbed in order to provide the base for understanding of the MAC
layer characteristics. The second part summarizes the features and characteristics
of the MASCOT MAC layer algorithms, and discusses the implications of different
traffic scenarios on MAC scheduling algorithms and overall MAC layer performance.
The third part provides measurement results of the MASCOT PHY and MAC layer.
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Executive Summary

The aim of Task 2.3 of the MASCOT project is the development, testing, and
demonstration of multi-user (MU) MIMO algorithms on a real-time FPGA-
based testbed. This deliverable describes the status of this work, the imple-
mented setup, and the planning of the work ahead. This report focuses on the
practical aspects and the testing of the MU-MIMO Medium Access Control
(MAC) algorithm implemented in the MASCOT testbed. The MAC layer
is required to successfully implement and demonstrate advanced MU-MIMO
MAC functionality in the testbed. Nevertheless, some information about the
physical (PHY) layer of the MASCOT testbed is given as well since it is a
prerequisite for understanding the MAC layer performance aspects.

The first part of this report outlines the physical layer characteristics of
the MASCOT testbed. An overview of the system parameters of the PHY
layer is provided, and the various PHY layer latencies induced by communi-
cation protocol standard and practical signal processing are introduced and
discussed.

The second part describes the characteristics of the implemented MU-
MIMO MAC algorithms. The specifications and features of the MASCOT
MAC algorithms are summarized, and an overview of the low-level MAC
protocol and the software architecture is given. Different application-specific
traffic scenarios are described and analyzed. The impact of these traffic
scenarios on different MAC scheduling algorithms is assessed by high-level
simulations and discussed afterwards. Theoretical MAC layer performance
limits are introduced based on the MASCOT PHY and MAC layer charac-
teristics.

The third part of this report lists measurement results of the MASCOT
PHY and MAC layer. It describes various hardware integrity tests being
carried out on the MASCOT real-time testbed, and provides insight into
performance impairments caused by RF imperfections.

At the end of this report, a summary about the testing of the MU-MIMO
MAC and a roadmap of intended future work are given.



Chapter 1

Physical Layer Characteristics

In the following, the characteristic parameters of the Physical (PHY) layer of
the MASCOT testbed are briefly outlined and an overview of various PHY
layer latencies is given. Note that most of the characteristics discussed in
this chapter refer specifically to hardware. Any CPU-based Medium Access
Control (MAC) layer processing characteristics are subject of the subsequent
chapter. A broader overview of the various hardware components used within
this testbed can be found in earlier project reports [4, 7].

1.1 System Parameters

The physical layer of the MASCOT testbed is based on IEEE 802.11a. The
testbed supports up to four spatial streams. The modulation parameters are
summarized in Thl. 1.1 and the coding parameters are presented in Thl. 1.2.
The physical layer data rates for the MASCOT testbed are listed in Tbl. 1.3.

Table 1.1: Modulation parameters

Channel bandwidth 20 MHz

Modulation BPSK, QPSK, 16-QAM, 64-QAM

Number of subcarriers | 64 in total (12 zero tones, 4 pilot tones, 48 data

tones)
OFDM symbol dura- | 4 ps
tion
Guard interval 0.8 s

Subcarrier spacing 312.5 kHz
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Table 1.2: Channel coding parameters

Number of encoders 4

Convolutional code rate %

Generator polynomials go = 133g, g1 = 1713
Punctured coding rates %, %

With this parameters, the achievable raw physical layer data rates can be
computed.

PHY data rate = # of data subcarriers-modulation order-# of streams-code rate

The physical layer data rates present an upper bound for a given modula-
tion and coding rate. In a real system, these data rates can never be achieved
due to several reasons:

e MAC layer overhead

— Each correctly received frame needs to be acknowledged.

— Frame errors lead to retransmissions of one or several frames.
e Latency

— Latency introduced in the physical layer due to the necessary sig-
nal processing.

Table 1.3: Supported 4-stream data rates

Modulation | Coding rate | PHY data rate
BPSK 3 24 Mbit /s
BPSK % 36 Mbit/s
QPSK % 48 Mbit /s
QPSK % 72 Mbit /s
16-QAM % 96 Mbit /s
16-QAM % 144 Mbit /s
64-QAM % 144 Mbit /s
64-QAM % 192 Mbit /s
64-QAM % 216 Mbit /s
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— Latency introduced in the medium access control layer due to the
time necessary to react on the incoming frame.

1.2 Physical Layer Latency

1.2.1 Latency in the Transmitter

In the transmit path, latency is kept short by storing the preamble, which is
the same for all frames, in time domain just before the signal is upsampled.
In our hardware testbench, we measured a delay of 560 ns between the frame
start signalization from the MAC layer (PowerPC) and the first data item
leaving the FPGA (Fig. 1.1). Some additional delay is introduced in the RF
chain until the frame is actually on the air. We can conclude that the latency
introduced in the transmit path of the physical layer is about 1ps. Details
on the transmit latency are also given in Thl. 1.4.

Figure 1.1: Simulation snapshot of the transmit latency in the PHY

Table 1.4: Physical layer latency in the transmit path

’ ‘ Latency ‘
MAC-PHY layer interaction delay for frame start signalling 300 ns
PHY layer digital signal processing delay 560 ns
RF processing delay 100 ns
Total PHY layer transmit latency 1ps

1.2.2 Latency in the Receiver

The design of a MIMO receiver with a small latency is a challenging task
since the complexity of the signal processing necessary to separate the spatial
streams is drastically increased compared to SISO systems.

There are several sources for latency in a MIMO receiver:
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OFDM symbol latency: The transformation from time-domain into fre-
quency domain introduces 4 js latency because the FF'T transformation
can only be applied when the entire frame has arrived.

Preprocessing latency: Channel estimation and preprocessing account for
an initial latency at the beginning of each frame. The frame structure
of packet-based MIMO-OFDM systems poses difficult challenges for
the implementation of the channel estimation and the preprocessing
stage of MIMO receivers, because the initial training phase for channel
estimation is immediately followed by data. Since the detection of the
data can only start when the preprocessing of all channel matrices is
done, the data frames need to be buffered. This delay incurred by
the preprocessing translates directly into detection latency. Further
information on this topic can be found in [3].

Detection latency: The processing and detection of each received symbol
vector introduces additional latency in the receive path that strongly
depends on the implementation of the used detection algorithm.

Decoding latency: Also the decoding stage accounts for some latency. This
includes metric computation, deinterleaving, decoding, and depunctur-
ing.

Thl. 1.5 shows the latency figures in the receiver. The latency strongly
depends on the frame length. Therefore, a lower and an upper bound for the
receive latency are computed. For long frames, all the preprocessing latency
can be caught up. However, for short frames, the latency is dominated by
the channel preprocessing.

Table 1.5: Physical layer latency in the receive path

’ ‘ Latency ‘
Initial preprocessing latency 58 11s
OFDM symbol latency 4 s
Detection latency 3.21s
Decoding latency 2.21s
Total PHY layer receive latency for short frames | 67.4 s
Total PHY layer receive latency for long frames 9.4 s




Chapter 2

MU-MIMO MAC
Characteristics

The implemented MU-MIMO MAC — also referred to as MASCOT MAC —
represents a simplified MAC architecture streamlined for the needs of our
real-time MIMO testbed. A detailed description about the entire hardware
infrastructure including the PowerPC processor subsystem is given in [7].
More information about the MAC architecture, the software framework itself,
and especially MAC scheduling aspects can be found in [6].

2.1 Summary of MASCOT MAC

In the following, a summary of architectural specifications and features of

the MASCOT MAC is given.

2.1.1 Specification and Features
The MASCOT MAC has been designed with the following criteria in mind:

e The network vicinity allows for one access point (AP) and multiple
stations (STA). All devices, AP and STAs, have a unique identifier
(ID) to allow for dedicated device addressing.

e The access point employs a Point-Coordination Function (PCF) for
centralized and simplified servicing of the stations. The AP acts as
master for the entire network vicinity, the STAs are configured as slaves.
The AP is responsible for polling all STAs regularly according to its
internal scheduling algorithm. No direct peer-to-peer traffic from one
STA to another is allowed.

10
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e An embedded PowerPC processor is used for the implementation of the
MASCOT MAC layer. The CPU has a clock frequency of 240 MHz, the
processor local bus and the subordinate system bus are both clocked
at 80 MHz. The CPU incorporates an instruction-side and a data-
side cache controller, which both communicate with their respective
memory across the processor local bus.

e The MASCOT MAC employs a proprietary 32 byte MAC header and
a 4 byte CRC field for each packet'. The proprietary header format
allows for faster and more convenient MAC layer adaptations compared
to a standard’s adhering approach.

e Two different scheduling algorithms are implemented in the MASCOT
MAC: A simple but fair Round Robin algorithm, and a more sophisti-
cated Budget scheduler. By default, the budget scheduling algorithm
is used, since it was designed to deliver a better aggregated system
throughput, especially in asymmetric load scenarios, i.e., where one
STA needs a high download rate and another STA requests only little
data.

e Frame aggregation capability has been implemented in the MASCOT
MAC in order to aggregate up to 10 maximum size Ethernet packets
(10x1500 byte payload) to a single MIMO frame. The aggregation
capability has been tested for small frames, but not yet been deployed
to the entire testbed due to partial limitations in the current system
configuration and implementation. Currently, the aggregation feature
is disabled by default.

2.1.2 Low-level Protocol

The MASCOT MAC has been designed to employ a single, centralized coor-
dinator — the AP. Only the AP is allowed to initiate a sequence of transfers.
The STAs are only allowed to respond upon a specific request of the AP.
The MASCOT low-level communication protocol is shown in Fig. 2.1 and
consists of tree different types of transfers: REQ, RSP, and optional ACK.
Both REQ and RSP transfers may contain payload (DATA). The MASCOT
low-level protocol is specified to allow payload in either or both transfers of

a REQ-RSP sequence.

'In the following, the term packet is used as a synonym for the word frame, representing
some kind of structured data.
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—REQ
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AP

REQ: Request

REQ + DATA > RSP: Response
RSP ACK: Acknowledgment
// DATA: Packet contains
data payload
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Figure 2.1: Low-level communication protocol of the MASCOT MAC.

2.1.3 Architectural Overview

The hardware/software layering of the MASCOT MAC is depicted in Fig. 2.2
and incorporates four major layers. The lowest layer comprises purely hard-
ware blocks with MAC-related functionality. For the MASCOT MAC, the
lowest layer consists of two low-level MAC blocks for Ethernet (ETH) and
MIMO-PHY (PHY). These two blocks implement dedicated MAC function-
ality, which needs to be handled in hardware, e.g. transmit/receive function-
ality or interrupt logic. All higher layers are then purely realized in software.
The next layer above the low-level MAC blocks contains also two different
blocks, Ethernet Management (EM) and Baseband (BB). The EM and BB
blocks are completely interrupt driven and perform all low-level protocol and
queue management services for the subordinate hardware blocks. Above the
EM and BB blocks, the Background (BG) layer and the interactive shell ap-

Shell HW Blocks

5 Y \ \ [ ]sw Blocks
v v

-1
-1

EM BB BG: Background
L 4 BB: Baseband
EM: Ethernet Management

Figure 2.2: Hardware/software layering of the MASCOT MAC.
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plication (Shell) are located. The BG layer controls both the EM and BB
blocks and is responsible for packet routing, scheduling, and memory man-
agement. The shell application constitutes the highest layer in the software
hierarchy and allows for direct user interaction with the MASCOT MAC
software even during MAC operation.

The BG layer processes all packets either received from the BB or EM
layer. Moreover, the BG layer is also able to accept artificially stimulated
packets from the shell application, for instance a PING packet to check the
network vicinity. The packet flow and handling in the BG layer is illustrated
in Fig. 2.3 for both AP and STA. In the AP, the packets are first inspected
for integrity, validity, and correct association. After successful inspection, the
packets are individually routed to the correct destination by putting them in
the corresponding MIMO transmit queue or forwarding them directly to the
Ethernet link. Finally, the scheduling algorithm decides which packets are
sent next across the wireless link. In the STA, the BG layer essentially has
the same task as in the AP, but does not need to perform any packet routing
and scheduling.

from mgmt _/’ to mgmt
from em —r— toem
Lroutmg
A
o
£
from bb 3 tobb
—_’I inspection | 2 >
[&]
(2]
AP
from mgmt to mgmt
from em to em
- ——
—rem sl inspection f——————3{[[[[[}-***—

STA

Figure 2.3: Different Background (BG) tasks for AP and STA illustrating
the MASCOT MAC layer packet flow and handling.

The basic memory management data structures, for instance for queue
management, are also located in the BG layer, although they are commonly
used by BG, EM, and BB blocks and therefore constitute a low-level data

management layer.
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2.2 MAC Characteristics

This section provides an overview of different traffic scenarios and its impli-
cations on scheduling algorithms and MAC layer performance.

2.2.1 Traffic Scenarios

Efficient scheduling algorithms in terms of data rate are required only, if the
traffic volume is high and the goal is to maximize the aggregated throughput
of the system. In case of low data volume, the simple Round Robin scheduling
algorithm performs quite well. High data rates usually imply that large
Ethernet packets are transmitted, although certain network applications (e.g.
a DNS server) may create high data volume with small packets. However,
such applications are usually found in dedicated server environments and are
not directly connected to a WLAN network.

In a typical WLAN network, it can be expected that for a scenario with
high data volumes the majority of Ethernet packets have sizes near the max-
imum Ethernet packet size of 1518 bytes. In the following, a selected set of
high-rate data streams are briefly discussed:

TCP Stream The TCP protocol [10, 1] provides a reliable, byte-stream-
oriented connection between two endpoints. The slow startup behavior of
TCP avoids initial buffer overflow at network nodes between the endpoints.
The rate of the TCP stream is steadily increased during transmission towards
the maximum. The congestion avoidance feature treats lost packets as an in-
dication of congestion and automatically throttles the bandwidth. The TCP
protocol is widely used for data-centric connection types with strict ordering
and error handling such as FTP [11] file transfers. These transfers profit
from high network bandwidth and do not impose low latency requirements.

Packets / 5ms

0 10 20 30 40 50 60 70 80 90 100
Time [ms]

Figure 2.4: Burst behavior of a TCP data stream of 3 Mbit/s.
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A typical TCP data stream employing maximum payload size of 1500
byte is shown in Fig. 2.4. As can be seen, there is a more or less constant
data flow, and no explicit packet burst behavior is visible. A TCP stream
also implies a constant flow of ACK packets in the opposite direction. In the
stream under consideration, one ACK packet was generated for about every
two data packets. An ACK packet contains 66 bytes.

An important aspect to consider is the TCP window size. Although TCP
streams do not ask primarily for low latency, the latency shouldn’t be too
high either. In TCP, data is transmitted up to a dedicated window size,
before waiting for an acknowledgment. If the round trip delay exceeds a
certain value, the instantaneous throughput is automatically throttled:

window size

Th hput <
rOugnpUL = round trip delay

The original TCP specification limits the TCP window size to 65 kByte, or
roughly 45 maximum-size Ethernet packets. However, modern TCP stack
implementations allow for tuning the TCP window size up to 1 GByte. Nev-
ertheless, it is important to keep the TCP packet delay low in order to avoid
throughput degradation by the automatic throttling mechanism.

IP-TV Video Stream The ETH Zurich broadcasts various TV channels
within the university network. IP multicast is used for the technology of
delivery. Audio and video data are encoded using MPEG-2 compression
and are then multiplexed into one MPEG-2 RTP [13] stream transmitted
as UDP [9]. RTP/UDP provides no congestion avoidance like TCP does,
the data rate to be used has to be determined by other means. The IP-
TV streams within the ETH Zurich network have an average data rate of
3 Mbit/s and cannot be altered by the user.

Packets / ms

o = N W b~ O
T
!
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0 50 100 150 200 250 300 350 400 450 500
Time [ms]

Figure 2.5: Burst behavior of a IP-TV video stream of 3 Mbit/s.
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Figure 2.6: Burst behavior of a H.264 video stream of 2 Mbit/s.

The packet flow of a IP-TV stream of 3 Mbit/s is shown in Fig. 2.5. In
contrast to TCP, this stream incorporates a dedicated packet burst behavior.
The characteristic peaks occur at quite short inter-packet delays of 15-20 s
and 110 ps, and two peaks at significant larger inter-burst delays, 10 ms and
17 ms, respectively. There are additional peaks at inter-packet delays between
20 s and 350 ps, but those are not shown in the figure.

RTP Video Stream This type of stream is closely related to IP-TV video
streams. Since IP-TV streams multiplex the audio/video streams into a single
RTP/UDP stream, it is interesting to analyze a multimedia stream where this
is not the case. Typical applications like video conferencing use a dedicated
RTP/UDP connection for each type of multimedia content (audio, video,
data) independently.

A 2Mbit/s video stream between two video conferencing endpoints has
been captured and is depicted in Fig. 2.6. The video is encoded using the
H.264 codec. Unlike IP-TV, the packet size is not constant in the video
stream, since modern video codecs like H.264 apply good motion compensa-
tion. If there is little motion in the video, the encoded video frames contain
almost no data. Video frames that do not fit within one Ethernet packet have
to be fragmented. Fragmentation is usually done at a dedicated boundary
such that the impact of lost packets for the entire video frame is minimized.
This is the reason why the packet size varies and the encoded video frame is
not simply put into as few Ethernet packets as possible.

Comparison of Packet Delay The packet delay for several types of net-
work traffic is depicted in in Fig. 2.7. Different types of network traffic ex-
hibit quite different burst characteristics. With respect to multimedia (RTP)
streams, there are many packet bursts with extremely short packet delays of
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several microseconds within the burst, but rather long inter-burst delays of
multiple milliseconds, as shown in Fig. 2.8.

1000

\ ——— TCP Stream

800 f | —— IPTV (RTP) Stream | -
\ Video (RTP) Stream
2 600f1 | .
] \
[} \
& 400 ‘\ .
200p | \/\ i
0 \ | | | | | |
0 10 20 30 40 50 60 70

Inter—packet delay [ms]

Figure 2.7: Inter-packet delay characteristics of selected streams. Packet
peaks are cut at 1000 packets in order to visualize small peaks.

3000
IP-TV (RTP) Stream (3 Mbit/s)
Video (RTP) Stream (2 Mbit/s)
« 2000} .
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Q
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Intra—burst packet delay [us]

Figure 2.8: Intra-burst packet delay characteristics of multimedia streams.
In a burst, packets arrive with extremely short delays of about 10-20 ps.



18 MASCOT D2.3.2b

2.2.2 Scheduling

In the MASCOT testbed, the AP has to schedule all packet exchanges with
the associated STAs. In order to maximize the aggregated throughput, a
packet scheduling algorithm needs to best adapt to different network and
traffic scenarios under various circumstances. The focus of this section resides
on the high-level packet scheduling algorithm implemented in the BG layer
of the MASCOT MAC. Low-level scheduling aspects such as packet retrans-
mission or rate adaptation are not discussed here. Moreover, the scheduling
algorithms under consideration for our testbed operate at best effort and do
not implement any Quality of Service (QoS) mechanisms. Packets are only
processed based on their source and destination address and not based on
their type.

The quality metrics for scheduling algorithms appropriate for our system
can be derived from various criteria such as aggregated throughput, latency,
fairness, starvation, implementation complezity, and scalability in terms of
number of associated STAs. For our testbed, the primary quality metric is the
aggregated data throughput. Latency and fairness are not of primary con-
cern, but are considered whenever end-user applications show a remarkable
degradation. Implementation complexity is also taken into account because
of limited processing and memory resources in our testbed.

The following two scheduling algorithms have been implemented and as-
sessed in simulation. Practical assessment in terms of direct performance
comparison has not been carried out in the testbed to date.

¢ Round Robin Scheduler As the name implies, this scheduling algo-
rithm serves each associated STA consecutively in turn. Moreover, the
algorithm scales well with increasing number of clients to serve, and
is commonly known as prototype for fairness-based scheduling. Each
STA gets the same number of opportunities to exchange data packets,
and starvation does not occur.

e Budget Scheduler This algorithm serves each associated STA con-
secutively in turn. Each time a STA is served, n data exchanges are
scheduled, n € [0, ..., Nyae). The basic idea of this algorithm is that
for each scheduling round, all STA have the same channel access budget
and each data exchange has a cost. The algorithm will schedule as many
packets as possible, until either the budget is completely used, or there
are no more packets left to be transmitted. If the total cost exceeds the
budget, the available budget is reduced (for all STAs) accordingly in
the next scheduling round. The cost function considers the modulation
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and coding rate, i.e., essentially the bits per symbol property. The cost
function basically reflects the frame duration for a given packet size.

The performance of both scheduling algorithms for a packet stream with
arbitrarily high data rate is visualized in Fig. 2.9. The generic simulation
setup consists of one AP and three STAs, employing 64-QAM modulation
with coding rate 5/6 (available in simulation only). The data shown is the
throughput based on the packet transfers going from the AP to STA1. As can
be seen, the Budget scheduling algorithm achieves approximately a through-
put of 180 Mbit/s, what is a performance improvement of 66% compared to
the Round Robin scheduler. The theoretical throughput limit in this scenario
is 188 Mbit/s.

300
@
§ 2501 J_/\/_/\A_/\A/\/\_/\/\_A/\/\/L/\J\/M\/V\_/\J\_/vV\J\J\J
?6 200} i,
>
2 150+ .
5
% 100} i
3 Budget Scheduler
£ Sop Round-Robin Scheduler |

0 Il Il Il Il Il Il Il Il Il

0 100 200 300 400 500 600 700 800 900 1000
Time [ms]

Figure 2.9: Throughput comparison between Budget and Round Robin sched-
uler. These results are derived from a dedicated high-level simulation envi-
ronment to assess the characteristics and performance of both scheduling
algorithms.

Conclusion A good scheduling algorithm is able to quickly adapt itself to
different burst characteristics in order to best meet its quality metric. In our
case, the primary quality metric is high aggregated throughput. The pro-
posed Budget scheduling algorithm promises to maximize data throughput
and performs significantly better than the Round Robin scheduler. However,
packet streams exhibiting excessive burst characteristics might suffer from
an increased latency when employing the Budget scheduling algorithm.
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2.3 Performance Assessment

Network-oriented communication systems usually employ a layered protocol
architecture in order to ensure reliable data transfers across a multitude
of different physical media. The different protocol layers are for instance
responsible for error handling, flow control, congestion control, or encryption.
The MASCOT testbed needs to handle only two layers — the PHY and MAC
layers — in order to allow for seamless integration into an entire network
infrastructure. Since every protocol layer has its individual protocol overhead
affecting the end-user throughput, it is essential to know which throughput
can be expected at maximum at a certain protocol layer. In the following,
an overview of the protocol overheads in the MASCOT testbed and the
corresponding maximum throughput figures are given.

2.3.1 PHY and MAC Layer Overhead

The individual components contributing to the total protocol overhead for
the PHY and MAC layer are listed in Tbl. 2.1 and Thl. 2.2, respectively.
For the subsequent throughput figures, the underlying SIFS time has been
assumed to be 16 s, although the SIFS time in the MASCOT testbed varies
with the frame length. The legacy training involves short and long training
symbols and amounts to 24 ps. To sum up, the total PHY layer overhead is
equivalent to 60 ps, and the total MAC layer overhead comprises 36 byte.

Table 2.1: PHY layer overhead of MASCOT testbed

SIF'S 16 s
Legacy Training 24 ps
Legacy SIG 4ps
HT Training 16 ps
Total PHY Layer Overhead | 60 s

Table 2.2: MAC layer overhead of MASCOT testbed

MAC Header 32 byte
CRC 4 byte
Total MAC Layer Overhead | 36 byte
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2.3.2 MAC Layer Throughput Limits

Based on the characteristic system parameters of the MASCOT testbed sum-
marized in Tbl. 2.3 and the inherent PHY and MAC layer overhead listed
in Thl. 2.1 and Thl. 2.2, we can derive throughput limits for dedicated sce-
narios. Taking all throughput-detrimental effects of PHY and MAC layer
into account leads to a figure we call raw MAC layer throughput. But what
does raw stand for? The term rew indicates that the MAC layer throughput
calculation is based on a setup implying perfect channel state information,
no interference and no outage, hence no errors and no retransmissions oc-
cur. Still, all protocol overhead is present, and the MAC layer throughput is
calculated based on the MAC payload only.

Two example scenarios A and B are introduced in order to illustrate
the effect of inherent protocol overhead and different payload sizes on the
raw MAC layer throughput. The settings of the two scenarios are given
in Thl. 2.4.

Table 2.3: System parameters of MASCOT testbed.

Spatial multiplexing mode 4
Numbers of subcarriers 48
Guard interval 0.8ps
Symbol time 4.0 us

Table 2.4: Example scenarios for MAC throughput calculation.

’ Scenario \ A \ B ‘
Modulation BPSK | 64-QAM
Coding rate 1/2 3/4
Coded bits per subcarrier per stream 1 6
Aggregated coded bits per channel use (4x4 MIMO) 96 864

If the size of the MAC payload is increased, the raw MAC layer through-
put increases as well. But it heavily depends on the MAC payload size,
whether the raw MAC layer throughput is significantly lower than the char-
acteristic PHY layer throughput figure. For scenarios A and B, the corre-
sponding throughput numbers are listed in Thl. 2.5 and Thbl. 2.6 for different
sizes of MAC payload.
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Scenario A employs BPSK modulation and rate 1/2 coding. The corre-
sponding throughput numbers are shown in Tbl. 2.5. For small MAC payload
sizes, the inherent protocol overhead dominates and hence degrades the raw
MAC layer throughput. At payload sizes beyond 1500 bytes, the modulation
scheme starts to limit the MAC layer throughput, since the theoretical PHY
layer throughput limit of 24 Mbit/s is approached.

Table 2.5: Scenario A: Raw MAC layer throughput for BPSK r1/2

| PHY overhead [ps ] | 60 |

MAC overhead [bytes] 36

MAC payload [bytes] 32 100 1500 4096 16384 65536
Total size of MAC part [bytes] 68 136 1536 4132 16420 65572
Length of MAC part [symb] 6 12 128 345 1369 5465
Duration of MAC part [ps | 24 48 512 1380 5476 21860
Total frame duration [ps | 84 108 572 1440 5536 21920
Frames per second [fps] 11904.8 9259.3 1748.3 694.4 180.6 45.6
PHY throughput® [ Mbit/s | 24

MAC throughput? [ Mbit/s | 3.0 74 210 228 237 239

%characteristic PHY layer throughput excluding any protocol overhead
®hased on MAC payload and including PHY and MAC layer overhead

Scenario B employs 64-QAM modulation and rate 3/4 coding. Tbl. 2.6
lists the corresponding throughput numbers. Again, for small MAC payload
sizes, the raw MAC layer throughput is significantly degraded, compared to
the theoretical PHY layer throughput limit. High MAC layer throughput
numbers can only be achieved by using large MAC payload sizes. When
seeking to attain raw MAC layer throughput figures near the corresponding
theoretical PHY layer throughput limit, packet aggregation is a premise.

A sweep of different MAC payload sizes for various modulation and cod-
ing schemes supported by the MASCOT testbed is depicted in Fig. 2.10.
The plot is based on the system parameters given in Thl. 2.3 and the PHY
and MAC layer overhead listed in Thl. 2.1 and Tbl. 2.2. The average MIMO
frame transmission time for characteristic MAC payload sizes is visualized
in Fig. 2.11. The vertical dotted line in the plots represents the PHY pro-
tocol overhead, and illustrates the dominant effect of the overhead for small
payload sizes.



WP-2 23
Table 2.6: Scenario B: Raw MAC layer throughput for 64-QAM r3/4

| PHY overhead [ps ] | 60

MAC overhead [bytes] 36

MAC payload [bytes] 32 100 1500 4096 16384 65536
Total size of MAC part [bytes] 68 136 1536 4132 16420 65572
Length of MAC part [symb] 1 2 15 39 153 608
Duration of MAC part [ps | 4 8 60 156 612 2432
Total frame duration [ps | 64 68 120 216 672 2492
Frames per second [fps] 15625.0 14705.9 8333.3 4629.6 1488.1 401.3
PHY throughput® [ Mbit/s ] 216

MAC throughput? [Mbit/s | 4.0 118 100.0 1517 1950 2104

?characteristic PHY layer throughput excluding any protocol overhead
*based on MAC payload and including PHY and MAC layer overhead

Conclusion High MAC layer throughput can only be achieved by apply-

ing packet aggregation.

Especially for high-order modulation and coding

schemes, the important aspect of the MAC payload size becomes apparent.
The MASCOT testbed does currently not operate with frame aggregation,
although aggregation support for up to 10 maximum Ethernet size packets
has been conceptually foreseen and partially implemented.
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Figure 2.10: Raw MAC layer throughput for different modulation and coding
schemes, based on the MASCOT testbed employing 48 subcarriers, normal
guard interval, and an average interframe spacing of 16 ps.
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Figure 2.11: Average frame transmission time for different modulation and
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48 subcarriers, normal guard interval, and an average interframe spacing of
16 ps. The resulting total PHY layer overhead including interframe spacing
amounts to 60 ps.



Chapter 3

System Verification and Basic
Measurements

In order to evaluate the performance of a system, it is necessary to know the
parameters and the theoretical limits of the system. In this chapter, starting
from the system parameters, we give insight into the system performance
and highlight several aspects that influence the system behavior.

3.1 PHY Assessment and Loopback Tests

The implementation of loopback modes in the MIMO physical layer proved
to be very useful debugging means. In total, there are four different loopback
modes available. An overview of the loopback modes is presented in Fig. 3.1.

MAC loopback: In MAC loopback test mode, the data in the transmit
buffer are directly written into the receive buffer.

PHY loopback: In PHY loopback test mode, all the signal processing on
the large FPGA board (VAMP board) is carried out. At the end of the
transmit chain, there is a buffer which stores the transmitted frame.
Once the entire frame is in that buffer, it is fed back and processed by
the receive chain. Finally, it is written into the receive buffer and can
be checked for correctness.

BAT loopback: In BAT loopback test mode, all the physical layer sig-
nal processing is stimulated. The transmitted frame is first processed
on the large FPGA board (VAMP board), passes the interface to the
smaller FPGA board (BAT board), gets upsampled and is afterwards
stored in a buffer, just before the frame would leave the digital world.

26
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Again, once the entire frame is in the buffer, it is sent back into the
receive chain and can finally be checked in the receive buffer.

DAC-ADC loopback: The DAC-ADC loopback mode stimulates all in-
volved boards and interfaces. The transmitted frame is processed by
the entire physical layer including the upsampling and the interface to
the DAC. The used DAC/ADC device (AD9861) provides a loopback
mode where the incoming data are sent back. The same loopback buffer
already used for the BAT loopback is used to store the frame coming
back from the DAC/ADC. As in the other loopback modes, the frame
is taken out of the buffer and put onto the receive chain, once the entire
frame has passed the transmit chain.

Large FPGA Board (VAMP board) Small FPGA Board (BAT board) DAC

FPGA 1 - Virtex 2 pro ~ FPGA 2 - Virtex 2 pro 27T FPGA 3 - Virtex 4
7% ’ kS

T \‘ R ~ :
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Figure 3.1: Four different loopback tests can be carried out to verify the
proper operation of the physical and medium access control layers.

The DAC-ADC loopback mode can also be used to measure the imple-
mentation loss incurred by the digital signal processing, as will be presented
in Sec. 3.2.2.

3.2 RF Imperfections

The requirements for high-throughput MIMO-OFDM systems pose many
challenges to the implementation of the RF front-end. Even the most ad-
vanced RF front-ends include imperfections such as phase noise, 1/Q imbal-
ance, nonlinearities and the like. In this section, we try to measure and char-
acterize the RF imperfections introduced in our testbed. A deeper treatment
of RF imperfections in MIMO OFDM systems can be found in [12]. First,
in order to get a baseline, the implementation loss introduced by the digital
signal processing is characterized. Afterwards, measurements with a cable
channel were carried out to get insight into the RF impairments. Measure-
ments over real-world channels conclude this section on RF impairments.
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3.2.1 Error Vector Magnitude

The error vector magnitude (EVM) is a measure used to quantify the per-
formance of a digital radio transmitter or receiver. It is computed from the
received constellation point and the ideal constellation point as illustrated in
Fig. 3.2.

Q

[} [} [} [ ]
measured symbol ({(ig, is, iss, isc), Q(if, is, fss; Lsc))
Error Vector Magnitude (EVM)
L L4 L4 ideal symbol (Io(iy, is, isss ise)s Qoliss is, isss ise))
I
[ J [ ] [} [}
[} [ J [} [}

Figure 3.2: Constellation error - error vector magnitude (EVM)

In [2], the allowed relative constellation error is given for each data rate.
According to (20-89) in [2], the average RMS of all errors in a packet is
computed as

Ny 1 Nsym Nss Nst

_ 1 Sy L N2
EVMpgrrs 7Nf ifZZI (—Nsyh{NSSNSTPO iSZZI iSSZZI “CZZI ( (I (ny’La 2.95723(:) Iy (Zf7 1s,1ss, 7»sc))
5 0.5
+(Q (ifyiSaissyisc)_QO (7ff77f§7749977490)) )) (31)

where
Ny is the number of frames for the measurement;

(Lo(if, s, tssyisc)y Qolif,ls,iss,1sc)) denotes the ideal symbol point of the i sth
frame, isth OFDM symbol of the frame, i,,th spatial stream, i,.th sub-
carrier of the OFDM symbol in the complex plane;

(L(if, s, 955, 0sc)y Qif,0s,1ss,15c)) denotes the observed point of the i sth frame,
1sth OFDM symbol of the frame, 74th spatial stream, is.th subcarrier
of the OFDM symbol in the complex plane;

Py is the average power of the constellation.



WP-2 29

The RMS value of the error vector magnitude is usually given in percent
(%) or in decibel (dB).

EV Mpys|dB] = 2010g,0( EV M)

3.2.2 Digital Signal Processing Implementation Loss

Quantization and filtering in the up- and downsampling blocks introduce an
implementation loss in the digital signal processing. The DAC-ADC loop-
back mode was used to quantify this implementation loss for the MASCOT
testbed. The scenario looked as follows: The tested terminal was configured
in DAC-ADC loopback mode. A frame was transmitted and received back
over the DAC-ADC interface. The received frame was recorded after the
MMSE detector. This procedure has been repeated for different modulation
schemes.

Fig. 3.3 shows the constellation point diagram for different modulation
schemes. The EV Mgy was computed for all data subcarriers according
to (3.1) with Ny = 1, Ngyy = 25, Nggs = 1 and Ngr = 48. The mea-
sured EVM is the basis for all further measurements. It characterizes the
maximum achievable performance. With a perfect wireless link ('ideal’ RF
chain, perfect channel state information, no noise) this performance can be
achieved.

3.2.3 Cable Channel

To get insight into the imperfections introduced by our RF chain, we con-
nected two terminals with an RF cable and attenuators and transmitted
frames over this ’cable channel’.

Fig. 3.4 shows the constellation diagrams for this scenario. The constel-
lation points become clearly larger due to RF impairments. The EV Mguss
reduces from about -34dB to about -18 dB. We assume, that the following
two reasons are mostly responsible for this performance degradation:

I/Q imbalance: Mutual differences in the I- and Q-path of direct-conversion
transceiver architectures cause I1/Q imbalance. 1/Q) imbalance results
in a limited image rejection.

Phase noise: Imperfections in the radio frequency oscillator, which results
from thermal noise, results in random deviation of the frequency. A
detailed analysis of phase noise can be found in [12].

Further investigations on both topics will be carried out.
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Figure 3.3: Constellation diagrams for different modulation schemes in digital
loopback mode — for characterization of the implementation loss in the digital
domain.

3.2.4 Real World Wireless Channel

Fig. 3.5 shows the constellation points for different modulation schemes over
a real world channel. The propagation channel corresponds to scenario 4
presented in Sec. 3.3.2. It can be observed, that the performance degrada-
tion from the cable channel to the (rich scattering) wireless channel is only
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Figure 3.4: Constellation diagrams for different modulation schemes over the
cable channel — for characterization of impairments caused by RF imperfec-

tions.

minor, which means that the testbed performance is mostly limited by the

RF performance at the moment.
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Figure 3.5: Constellation diagrams for different modulation schemes over a
real world wireless channel (corresponds to scenario 4 in Sec. 3.3.2.)

3.3 MASCOT Testbed Measurements

This section presents measurements on latency and throughput with the
current testbed setup.
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3.3.1 Latency Measurements

Fig. 3.6 shows the measured idle time of the medium, what corresponds to
the interval between the end of a received frame being measured on the air
and the start of the transmitted frame on the air. As discussed in Sec. 1.2,
there is an initial latency in the receive path of the physical layer due to
channel estimation and preprocessing. This initial latency can be caught
up during reception of the subsequent part of the frame. The measurement
results show that it takes about 80 OFDM symbols to catch up the initial
training and preprocessing latency. Once, this latency is caught up, the
minimum inter-frame delay is almost constant at 15 ps.

Latency vs. Number of OFDM symbols
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Figure 3.6: Minimum inter-frame delay caused by PHY transmit and receive
latencies measured for different numbers of OFDM symbols.

3.3.2 Throughput Measurements

Throughput measurements with the MASCOT testbed were carried out with
the software tool Iperf. Iperf is a commonly used network throughput as-
sessment tool that can create TCP and UDP data streams and measure the
throughput [8]. Measurements were carried out for four different scenarios:
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Scenario 1: Cable channel: In this scenario, two testbed terminals are con-
nected with each other by RF cables and attenuators. In principle, in
such a scenario no frames should be lost.

Scenario 2: Very short distance line-of-sight propagation: In this scenario
two terminals are placed very close to each other. The distance be-
tween the two terminals is 1 meter and there is line-of-sight (LOS)
propagation

Scenario 3: Short distance line-of-sight propagation: In this scenario, the
two terminals are placed about 5 meters apart from each other. Again,
there is LOS propagation.

Scenario 4: Short distance non-line-of-sight propagation: In this scenario,
the two terminals are again placed about 5 meters apart from each
other. However, now we have a non-line-of-sight (NLOS) propagation
condition as there is a wall in between the two terminals.

Thl. 3.1 lists the average measured throughput over 100 seconds for each
scenario and modulation.
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The measurements reveal the following observations:

e In scenario 1, the performance should actually be the best for all mod-
ulation schemes. However, in the case of BPSK, better throughput fig-
ures are achieved for the other scenarios. Further investigations showed
that with the cable connection some kind of coupling occurs between
the two stations. This results in a larger probability of a wrong synchro-
nization, which locks the AGC and a frame arriving during this time
will be over-amplified and therefore wrong. The reason why this effect
is very pronounced in BPSK mode, is the fact that Ethernet frames
have a maximum size of 1518 bits. This means that only in the BPSK
case all the latency introduced by the preprocessing can be caught up.

e In scenario 2, where we have a very short line-of-sight propagation path
(1m), the channel has not enough degrees of freedom to allow other
rates than rate % and low modulation orders.

e With the current setup, the highest sustained TCP throughput is achieved
with 16-QAM modulation and rate %



Chapter 4

Summary and Roadmap

4.1 Summary

Various aspects of the MASCOT real-time testbed contributing to the overall
MAC layer performance have been pointed out in this report.

First, the characteristic parameters of the MASCOT PHY layer have been
introduced, along with different latencies in the transmit and receive path of
the MIMO PHY layer.

Second, the specifications and features of the MASCOT MAC layer were
shown, and the MASCOT MAC protocol and software architecture have been
presented. Several application-specific traffic scenarios and their impact on
different MAC layer scheduling algorithms have been analyzed and discussed.
The theoretical performance assessment of the MASCOT MAC identified the
PHY and MAC layer overhead and showed the corresponding implications
on the theoretical MAC layer throughput limit.

The third chapter contains MASCOT testbed measurement results for
both, PHY and MAC layer. The measurement results using the digital loop-
back functionality of the MASCOT testbed showed that all modulation and
coding schemes are working correctly and with sufficient quality. The imple-
mentation loss in the digital domain of the system has been kept adequately
low to successfully operate all modulation and coding schemes. However, the
subsequent performance assessment across an orthogonal cable channel and
real world wireless channels revealed still existing performance impairments
even after spending an increased effort on mitigating RF imperfections. Nev-
ertheless, the reliable operation of 16-QAM modulation schemes across real
world wireless channels has been achieved.

37
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4.2 Roadmap

The remaining tasks for WP 2.3 of the MASCOT project are as follows:

e Implementation of a simultaneous collision-based multi-user MIMO up-
link in the MASCOT real-time testbed.

e Integration of the SQRD-ASIC developed within the MASCOT project
in the MASCOT real-time testbed. This provides the base for real-
world implementation and assessment of advanced MIMO detection
methods.

e Further investigations and improvements in the RF chain to mitigate
RF imperfections and to allow for high-rate MIMO transmissions.

4.2.1 Simultaneous MU-MIMO Uplink

In a simultaneous MU-MIMO scenario Fig. 4.1, all users transmit data si-
multaneously and in the same frequency band to a common base station.
Each user is transmitting data from one or several antennas and possibly at
different rates.

User 1

_-“".-"" Base Station

ol (N antennas)
User U i
M

u

U Users (User k
has My Antennas)

Figure 4.1: Simultaneous MU-MIMO uplink scenario.
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Basic Setup

The basic setup is outlined in Fig. 4.2. At least 2 users are communicating
simultaneously with a base station. In a first phase, all users are connected
to the same clock source in order to simplify the synchronization task in the
base station.

User 1 | Y
M1 \\\\
“
T I
Mk v
User k 4
-7/~ Base Station
el (N antennas)
My
User U
Common

Clock Source

Figure 4.2: Simultaneous MU-MIMO uplink scenario with a common clock
source.

The implementation of a simultaneous MU-MIMO uplink scenario in-
volves the following tasks:

Support for a variable number of streams per user.

Synchronization mechanism for simultaneous frame transmission from
different users (frame start).

Coordination of MIMO training amongst all users, i.e., which user
transmits which training sequence.

MAC layer modifications in order to support simultaneous MU-MIMO
uplink.

PHY layer modifications in order to support instantaneous signalling of
different coding rates per stream and from different users (signal field).

The goals of the basic setup are:



40 MASCOT D2.3.2b

e Proof of concept for simultaneous MU-MIMO uplink.

e Stating of potential gain of simultaneous MU-MIMO uplink
compared to a time-division-duplex-based uplink.

e Assess the practical aspects and requirements for such a scenario. Pro-
vide insight into practical issues and the potential protocol overhead.

4.2.2 MMSE-SQRD ASIC Integration

In case FPGA technology can not satisfy the demands for clock speed or
throughput of certain algorithm implementations, the ETHZ-IIS has the
ability for VLSI circuit integration in ASIC technology. For instance, se-
lected MIMO-related algorithms or parts of the MIMO physical layer can be
integrated as ASIC, and then be incorporated in the MASCOT testbed.

The integration of the MMSE-SQRD ASIC [5] into the MASCOT testbed
will demonstrate the feasibility of this approach. Moreover, it will also pro-
vide the base for implementation and real-world assessment of advanced
MIMO detection methods (e.g., sphere decoding) in the testbed. First, the
detection performance of the physical layer can potentially be improved by
applying advanced MIMO detection methods to the real-time testbed. Sec-
ond, practical aspects of advanced MIMO detection methods can also be
assessed in the context of MU-MIMO communication schemes.

4.2.3 RF Imperfections

Although we already put a lot of effort into improving the RF signal pro-
cessing in the receiver and transmitter, there are still some open issues. As
discussed in Sec. 3.2.2, the error vector magnitude of the received constella-
tion points is still too high to reliably transmit 64-QAM symbols, even across
a cable. The reason for the high EVM is not yet completely understood. Pre-
liminary assumptions for causes of these RF performance impairments are:

e Suboptimal calibration or misconfiguration of parameters in the
transceiver chip

e 1/Q imbalance
e Non-linearities in the RF
e (Quantization noise

As time permits, further investigations will be carried out to mitigate these
technical issues.
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