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cludes receiving at the synchronizing node a second reference frame at a second time and transmitting from the synchronizing
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MIMO SLOTTED ALOHA (MSA) SYSTEM

FIELD OF THE INVENTION

[0001] The present mvention relates to wireless communication, and more specifically to

multiple mput/multiple output Slotted Aloha systems.

BACKGROUND

[0002] Ad-hoc wireless networks offer communications solutions where i1ndividual
devices (or nodes) can communicate directly with other nodes, without any network
provisioning or central points of failure. For example, in an ad hoc wireless network, two
wireless radios can communicate directly with each other, or through other radios on the
network, instead of having to transmit through a dedicated central access point. These
networks traditionally use carrier sense multiple access / collision avoidance (“CSMA/CA”™)
as their media access control mechanism, as they have no central control entity. A media
access control, or MAC, mechanism provides a protocol for accessing and controlling
communication channels. However, CSMA/CA does not perform well 1 the presence of a
highly-varied channel or over large distances. The CSMA/CA protocol 1s built on the
assumption that all nodes can detect the transmissions of the other nodes that they may
attempt to communicate with.

[0003] A simple string of pearls configuration (several nodes 1in a linear configuration)
can casily create a situation where two nodes, at both ends of the string, attempt to
communicate with a node 1n the middle of the string and, because the two transmitting nodes
cannot hear cach other, both end nodes transmit messages to the middle node. The result 1s
that the middle node hears both transmissions, but cannot decode either transmission. This 1s

b/

known as a “collision.” This simple example 1s known as the “hidden node” problem for
CSMA/CA. A mechanism gencrally accepted in the art to address this 1s the use of a two-
way handshake using a Request to Send (“RTS”’) message and Clear To Send (“CTS”)
message with network allocation vectors in each message. The use of RTS/CTS 1n a network,
while addressing the hidden node problem, substantially reduces the capacity of the network.
Moreover, 1t does not address many of the other scenarios under which CSMA/CA will

perform sub-optimally.
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[0004] As a CSMA/CA network can be operated with larger distances between nodes, the
protocol needs to be altered to provide sufficient gaps in transmissions to ensure that there 1s
no overlap. The IEEE 802.11g standard, used for example, to create an in-home wireless
computer network, and an example of a CSMA/CA protocol, calls for 9.6 usec between the
end of one discrete time slot and the beginning of the next slot. The concept of time slots
allows several nodes to transmit on the same frequency channel by transmitting at their own
times, or time slots. This 9.6 usec time was chosen to support the propagation delay between
nodes, the spread of the waveform over a multi-path environment (where transmissions can
follow any of a number of paths from one¢ node to another), the computational time to decode
the mformation transmitted 1n a slot, and timing margin to simplity the implementation. As
the network 18 extended from, for example a 100 meter separation between nodes to a 5 km
separation to a 50 km separation, the round-trip propagation time grows from 66 nsec, to 3.2
usec, to 32 usec. In order for a CSMA/CA protocol to operate properly over these distances,
the size of the gaps between transmissions needs to be extended, also reducing the efficiency
of the protocol.

[0005] Various approaches have been resecarched to scale the capacity of wireless
networks. The CSMA/CA protocol essentially divides the total capacity (C) among the nodes,
so the per-node capacity at node 1, c(1), shrinks as the number of nodes, N, increases,
according to the equation c(1) = C/N. In other words, since the total capacity remains the
same, as the number of nodes increases, cach individual node’s capacity decreases. This 18
driven by a fundamental assumption that CSMA/CA 1s designed upon that all nodes must
take turns sharing the available capacity.

[0006] The capacity (C) of a network can be spatially divided into non-overlapping
regions. To achieve a number k independent regions among the physical arca covered by the
network, the capacity per node ¢(1) would increase by a factor of k, according to the equation
c(1) = k*C/N. However, such a media access control mechanism does not work well for a
highly-dynamic collection of nodes. Beam-forming antennas, which can transmit signals
directionally, can be used for creating these k independent regions. Although beam-forming
could provide for better separation of regions, 1t exacerbates the problem that CSMA/CA has
since 1t does not have a uniform channel between all the nodes 1n a neighborhood. Protocols
that use a form of time-division multiple access (“TDMA”) mechanism and pass control of
the channel from one node to another work poorly when faced with a “fast-mover” node (e.g.,

a cell phone 1n a car on the expressway) that traverse many neighborhoods rapidly. Using
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beam-forming approaches also generally requires adding the concept of state to the protocol,
which requires more management c¢xchanges and lengthening of the time for the
neighborhood to adjust to any changes 1n the population. This additional overhead reduces
capacity and efficiency.

[0007] Aspects and embodiments disclosed herein are directed to addressing/solving

these and other needs.

SUMMARY OF THE INVENTION

[0008] According to an aspect of the invention, a method includes receiving at a
synchronizing node a first reference frame from a first reference node at a first time and
storing a first time value representing the first time, and calculating a timing estimator by
subtracting a minimum time value, representing the distance from the synchronizing node to
the first reference node, from the first time value. The method also includes receiving at the
synchronizing node a second reference frame at a second time and storing a second time
value representing the second time, and transmitting from the synchronizing node to the first
reference node a short timing contention time frame. The method also includes receiving at
the synchronizing node from the first reference node an arrival time value representing the
time at which the first reference node receirved the short timing contention frame and
calculating a first time drift from the first arrival time value and the second time value. The
method also includes adjusting the timing estimator based on the first time drift and
transmitting from the synchronizing node a frame according to a timing determined from the
timing estimator.

[0009] According to another aspect of the mvention, a method includes receiving at a first
node a plurality of frames from a plurality of reference nodes, measuring and recording
frame timing values for each the plurality of frames representing the arrival times of the
plurality of frames, and calculating carrier frequency offset values for each of the plurality of
frames. The method also includes determining an average carrier frequency offset value of
the plurality of frames, adjusting a local oscillator at the synchronizing node, and transmitting
a frame to the plurality of reference nodes. The method also includes receiving second frame
timing values from the plurality of reference nodes representing the times the respective
reference nodes received the short timing contention frames and  determining an  average
time drift for the arrival time values, wherein the time drift for each of the plurality of

reference nodes equals: (second timing value — timing value)/2. The method also mcludes
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adjusting the frame timing according to the average time drift and transmitting data from the
synchronizing frame according to the estimated frame timing.

[0010] According to another aspect of the mvention, a method includes recerving at a first
node a plurality of signals from a plurality of nodes, determining a plurality of carrier
frequencies for the plurality of nodes and determining a consensus of the plurality of carrier
frequencies. The method also includes adjusting a local oscillator at the first node to match
the consensus and transmitting data from the first node to one of the plurality of nodes
according to timing determined by the local oscillator.

[0011] According to another aspect of the mvention, a computer-readable medium 1s
encoded with a data structure. The data structure includes three identical preambles, a
plurality of channel state information estimation fields, and a data field.

[0012] The foregoing and additional aspects and embodiments of the present invention
will be apparent to those of ordmary skill in the art in view of the detailed description of
various embodiments and/or aspects, which 1s made with reference to the drawings, a brief

description of which 1s provided next.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] The foregoing and other advantages of the invention will become apparent upon
reading the following detailed description and upon reference to the drawings. The same
reference numerals and/or other reference designations employed throughout the ensuing
drawings arc used to 1dentify 1dentical components, except as provided otherwise.
[0014] FIG. 1 1s a block diagram of a system in accordance with some aspects of the
disclosure;
[0015] FIG. 2 1s a block diagram of a MSA slot in accordance with some aspects of the
disclosure;
[0016] FIG. 3 1s a block diagram of a short timing contention slot 1n accordance with
some aspects of the disclosure;
[0017] FIG. 4 1s a diagram of a short timing contention slot in accordance with some
aspects of the disclosure;
[0018] FIG. 5 1s a diagram of a frequency tone ficld 1n accordance with some aspects of
the disclosure;
[0019] FIG. 6 1s a diagram of a logical tone format in accordance with some aspects of

the disclosure;
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[0020] FIG. 7 1s a block diagram of a OFDM symbol transmitter in accordance with some
aspects of the disclosure;

[0021] FIG. 8 1s block diagram of a convolutional encoder in accordance with some
aspects of the disclosure;

[0022] FIG. 9 1s a block diagram 1llustrating guard imterval insertion 1n accordance with
some aspects of the disclosure;

[0023] FIG. 10 1s a block diagram of a MSA receiver 1in accordance with some aspects of
the disclosure;

[0024] FIG. 11 1s a flow chart of a fast AGC algorithm 1n accordance with some aspects
of the disclosure;

[0025] FIG. 12 1s a flow chart of an algorithm to detect a node index 1n accordance with
some aspects of the disclosure;

[0026] FIG. 13 1s an 1illustration of a slot boundary 1n accordance with some aspects of
the disclosure;

[0027] FIG. 14 1s an 1illustration of a computation of H(k) values in accordance with some
aspects of the disclosure;

[0028] FIG. 15 1s an 1llustration of an algorithm to synchronize to a reference node m
accordance with some aspects of the disclosure;

[0029] FIG. 16 1s a block diagram of a MSA system 1n accordance with some aspects of
the disclosure;

[0030] FIG. 17 1s a ladder diagram of a newly joined synch node synchronizing to a
network 1n accordance with some aspects of the disclosure;

[0031] FIG. 18 1s a ladder diagram for a node 1n a tracking mode in accordance with
some aspects of the disclosure;

[0032] FIG. 19 1s a graph of system throughput as a function of system arrival rate m
accordance with some aspects of the disclosure;

[0033] FIG. 20 1s a graph of average delay as a function of system arrival rate 1n
accordance with some aspects of the disclosure;

[0034] FIG. 21 1s a graph of system throughput as a function of system arrival rate
accordance with some aspects of the disclosure;

[0035] FIG. 22 1s a graph of average delay as a function of system arrival rate m

accordance with some aspects of the disclosure;
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[0036] FIG. 23 is a graph of system throughput as a function of system arrival rate in
accordance with some aspects of the disclosure; and
[0037] FIG. 24 is a graph of average delay as a function of system arrival rate in accordance

with some aspects of the disclosure.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0039] According to the invention, multiple simultaneous transmissions from a distributed
collection of nodes can be supported with no centralized controller. Multiple input, multiple
output ("MIMO") technology, where both a transmitter and a receiver have multiple
antennas for communicating over a point to point link (e.g., as included in the IEEE 802.1 In
standard) can be modified to operate in a fully-distributed fashion (as in the Slotted ALOHA
protocol). The resulting waveform can be referred to as MIMO Slotted ALOHA ("MSA").
[0040] When a new node, or synchronizing node, attempts to join a network (e.g., a
handheld radio attempts to join a network of other handheld radios), the synchronizing node
initially listens and does not transmit. This synchronizing node, listens for transmissions
from other nodes in order to synchronize with the slotted access mechanism. In other words,
the synchronizing node listens to determine how and when the other nodes are
communicating. If it does not hear any transmissions for some time, it creates slot times
based on its own internal clock, or oscillator.

[0041] If the synchronizing node hears (receives a signal from) other neighboring nodes, it
computes the carrier frequency offset ("CFO") of the transmitter, to adjust its local oscillator.
Each of the nodes is supposed to be transmitting at the same frequency, however, there are
variations. Thus, the synchronizing node must determine how much the actual received
frequency is offset from the expected frequency. The synchronizing node uses a filter to adjust
the local oscillator to match the consensus of the transmission frequencies of the neighboring
nodes. As long as all of the nodes use this same approach, they can converge the

carrier frequencies of their respective oscillators to the same relative frequency. The
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synchronizing node’s slot times are derived from the bit-rate of the system, which 1s
controlled by the synchronizing node’s local oscillator. Once the synchronizing node’s
oscillator has roughly converged to the same frequency as the other nodes 1n the network, the
synchronizing node will compute the periodicity of the slots with similar accuracy.

[0042] Once slot periodicity 1s controlled, the synchronizing node must track the phase of
these slots to align the edges of the slots with the other nodes 1n the network. In other words,
the synchronizing node must determine where the beginnings of the slots are in order to
transmit information at the right times. To accomplish this, cach receiver measures the
average phase of the transmissions from the neighboring nodes and the epoch of the slots
from other nodes to determine slot phase offsets for the transmissions from cach of the
neighboring nodes. Each node also announces 1ts measure of the slot phase offset of other
nodes to allow the other nodes to converge on a single known target slot phase.

[0043] Within a slot time, cach node needs to determine when to transmit. Each node has
a single transmitter, and has a number Nrx of receivers (and, when the number of recervers 1s
known, the system 1s said to be an MSA-n system; ¢.g., if the nodes cach have four recervers,
the system 1s said to be an MSA-4 system). Using MIMO techniques, a node’s recerver 18
capable of receiving up to Nrx simultancous transmissions, assuming that there 1S a unique
channel between cach transmitter and cach receiver. According to the IEEE 802.11n
specification, there 18 generally a unique channel between all transmitters and receivers when
the antennas are separated by at least a 1/4 wavelength. The MSA technique separates the
transmitter antennas by substantially more than this, as the transmitters are geographically
dispersed. An MSA node should still have Nrx antennas for 1ts receivers and the antennas
should be separated by at least a 1/4 wavelength to create distinct channels between two
recervers from the same source antenna.

[0044] An MSA slot structure (the information that 1s transmitted 1n a time slot) starts
with a preamble that 1s repeated three times. The first instance of the preamble 1s used to
allow the receivers to adjust theirr automatic gain controls (“AGC”) and measure the received
slot time. The second two preambles are used to estimate the carrier frequency offset among
all the transmitters. Each node 1s expected to have a local oscillator that 1s tracking the
neighborhood average carrier frequency. However, some drift should be expected. Within
the neighborhood, cach node randomly selects a tone from a collection of possible tones.

These tones are complex, and are used to identify indices of transmitters within the system
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during any given slot. Once the indices of the nodes are known, channel state information
can be computed.

[0045] If a node hears another node use the complex tone 1t has selected, the node can
simply pick a new complex tone from the set of possible complex tones 1n the system. If the
node determines that 1t has heard more than Nrx complex tones, 1t will determine that the slot
has a collision and will not attempt to process the information from that slot further.

[0046] As part of processing the preamble, the node’s receiver can determine an
indication of the number of transmitters that have transmitted data in this slot. The node will
also be able to accumulate an estimate of the number of distinct nodes 1n the neighborhood.
The node can use this information to estimate the load 1n terms of both the number of active
nodes and a total offered load on the neighborhood. These estimates are used to control the
rate at which any particular node attempts to transmit 1n slots in a channel.

[0047] MSA can use orthogonal frequency-division multiplexing (“OFDM”), a scheme
for multiplexing information from several transmitters into a single channel. Channel state
information (““CSI”’) needs to be determined to perform OFDM modulation. In the frequency
domain, OFDM information 1s represented as a series of complex tones, ecach of which has an
amplitude and phase. A receiver must estimate these 1n order to interpret received
information. The channel state information can be represented by a mathematical value H().
A transmitter can send a known tone to a receiver. From this known tone, the receiver can
calculate the H(f) information,. The receiver then knows the channel state information and
can 1nterpret further information from the transmitter. In order to operate a MIMO system, a
receiver in a MIMO system must be able compute the CSI between itself and all of the
transmitters 1in the system. Similar to that specified by IEEE 802.11n standard, a node
following the MSA protocol computes channel state information based on a preamble
transmitted at the beginning of each time slot. However, unlike the IEEE 802.11n protocol,
the MSA protocol uses a slotted approach, rather than a CSMA/CA approach, to control
when a specific node can access the network.

[0048] The MSA protocol can use a rate-controlling medium access controller (“MAC”)
protocol. Each node 1n the network offers packets to the network probabilistically, with no
memory between slots. Each node works to load the network to the natural optimal load. An
MSA system where each node has 4 receivers, MSA-4, as an example, has a natural optimal

value of 4/N node (optimal 1n terms of the number of slots used to support a specific
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successful transmission of slots, assuming a zero-bandwidth, perfect knowledge of which
slots were successfully delivered to a recerver).

[0049] The provision upper MAC functions, ¢.g., acknowledgment of slots, can be
deferred to protocols such as OBX.

[0050] Among other benefits, the MSA protocol provides:

o a fully distributed MIMO system that does not require any central coordination for
proper operation;

e a mechanism for adjusting the carrier frequency offset among a set of nodes that are
simultancously transmitting;

e a mecchanism for adjusting the phase of a slotted ALOHA system to support multiple
simultancous transmitting nodes;

e a mecchanism to determine the number of nodes in a neighborhood while the nodes are
simultancously accessing the same channel 1n the same operating frequencys;

e a mechanism to determine a channel state information matrix among a set of
physically separated transmitting nodes with no pre-configured state;

e a mechanism to allocate unique identification information among transmitting nodes
without a dedicated control channel;

e a mechanism to quickly control access to the time slots within a slotted system that
allows for multiple users and maintains the average load, as measured 1n users/slot,
below a target threshold; and

e a mechanism with minimal state that supports rapid addition and removal of nodes 1n
the operating neighborhood.

[0051] The CSMA protocol outperforms the single imnput single output (“SISO”’) Slotted
Aloha protocol. The MSA protocol, however, can significantly increase the system
throughput with much smaller system delay compared to CSMA. MSA can casily and
quickly adapt to a dynamic wireless network. Morecover, MSA does not have the hidden
node problem 1n a wireless network.

[0052] The Open Systems Interconnect (“OSI”) model 1S commonly used to define the
flow of data, or “network traffic,” over a network between network applications and/or
devices. The OSI model has seven layers including the data link layer (“Layer-2”), and the
physical layer (“Layer-1). Each OSI layer communicates with a layer above and/or below 1t
and with corresponding layer(s) on other applications and/or devices 1n the network through
specific protocols. A physical layer (“PHY”) specifies how information 1s converted to

physical signals that are transmitted over the transmission medium, and can specify several
9
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techniques for increasing the rate and rchability of the wireless link. Table 1 1illustrates an

exemplary physical layer feature set for implementing a physical layer protocol.

illustrates exemplary parameters related to

multiplexing (“OFDM”).

Table 1: PHY Feature Set

Number.of Occupied 204 in 5 MHz
Subcarriers

Modulation Order 64-QAM _

Guard Interval 64 samples, 12.8 usec _

Convolutional Coding

R=1/2. K=7. (0:=1335,
92=1 718)

Table 2: MIMO OFDM Related Parameters

Table 2

MIMO orthogonal frequency division

Parameter Value for 5 MHz Channel
Nrx : Number of Receive (“RX”) | 2/4/6

Antennas

Ntx : Number of Transmit (“TX”) | 1,2,.Nrx

Nodes

N, : Number of data subcarriers 196

N, : Number of pilot subcarriers S

N, : Number of center null subcarriers | 1

N, : Subcarrier range (index range) 0:255

.., : 1verse fast Fourier 51.2 usec

transtorm/ftast Fourier transform
(“IFFT/FFT”) period

T, : Guard Interval (“GI”’) Duration

12.8 usec, 64 samples

Teyy, - Symbol mterval

64.0 usec

T Nyquist sampling interval

200 nsec

10
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[0053] A MAC layer 1s an OSI “Level 2” protocol that provides parameters for several
nodes to communicate with each other on a multipoint network. The MAC layer specifies
several techniques for increasing the rate and rehiability of the wireless link, as understood by
a person of ordinary skill in the art.

[0054] Table 3 list exemplary performance requirements for a MSA system.

Table 3 System Specifications and Requirements for MSA?2

Justification
Parameter Value Description
RX sensitivity -78.0 dBm PER<10% for 2 streams
Noise Figure 3 dB
Maximum 1nput level -30 dBm
Adjacent channel rejection 16 dB
Non-adjacent channel rejection 32 dB
Accuracy on system clock 18
+/- 0.1ppm. RX+TX freq.
Carrier frequency offset tolerance | +/- 0.1 ppm Error = 0.2 ppm
Sampling clock frequency offset Symbol clock 1s tied to
tolerance +/- 0.1 ppm system clock
RMS delay spread tolerance 1.5 us Including all TX/TX delay
Recerver DC offset tolerance N/A
Transmitter EVM -25 dB
TX antenna gain 2.2 dB
RX antenna gain 2.2 dB
Total TX/RX loss <2 dB
Carrier suppression -15 dBc
Minimum transmit power 20 dBm Per Node
Maximum transmit power 33 dBm Per Node
Transmit center frequency
tolerance +/- 0.1ppm
Gain setting time <0.2 us
Frequency control setting time <2 us

[0055] FIG 1 shows a high-level diagram of a MSA system 100. A MSA(Nrx) system
includes a MIMO receiver with a number Nrx receiver antennas. The MSA system 100 18
shown as a MSA-2 system, as 1t includes a radio 106 with two receirver antennas 102, 104.
The radio 106 of the MSA system 100 also includes a TX antenna (not shown). The MSA
system 1ncludes Nrx RX strecams (here, two RX streams 108, 110) representing the
communication of data from the radio 106 to PHY and MAC Low layers 112. The MSA
system 100 includes one TX stream 114 representing communication of data from PHY and
MAC Low layers 112 to the radio 106. The TX stream 114 can include two slot types, a

MSA slot and a short timing contention (“STC”) slot.
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[0056] FIG. 2 shows the MSA slot structure 200. The slot structure 1s the logical
organization of the information that 1s transmitted at a particular time (1.¢., 1 that particular
time slot). Each slot includes three 64 samples long frequency tone fields (“FTF”) 210, 212,
214, Nrx CSI fields (one CSI field for each receiver; the first CSI field 216 and the last CSI
ficld 218 are shown), 8 OFDM data symbols 220 and a 13 usec long separation field 222.
The first frequency tone field 210 1s used for the automatic gain control and timing estimation.
The second and third frequency tone fields 212, 214 are used for carrier frequency offset
estimation, node index detection and signal to noise ratio (“SNR’’) SNR estimation.

[0057] FIG. 3 shows a short timing contention slot structure 300. The short timing
contention slot 300 1s transmitted by a newly joining node in order to synchronize with the
rest of the nodes in a MSA network. The short timing contention slot 300 includes two
frequency tone fields 310, 312.

[00S8] FIG. 4 shows a frequency tone ficld 400 1n a frequency domain. The frequency
tone field 400 has 64 tones, with an even number of zero tones 410. The 32 odd number
tones 412 are group into 16 node groups 414 with each group having two non-zero tones. A
ogroup represents one node index. 16 groups allow 16 nodes 1in one neighborhood. Two tones
in each group 416, 418 indicate the next slot usage. Next slot will be used if the 1* tone 416
is set, otherwise the 2" tone 418 is set. The receiver noise power can be estimated by
analyzing the 32 zero tones. The frequency tone field signal 1s a complex tone that can be
represented by:

exp( j-2nf,, -nT, )
J320 ’

S (1) = n=0,1,....63 [Equation 1]

where f =13,5,...63 1s the tone selected by a node, and 7, 1s the sampling interval (e.g., 0.2

usec).

[0059] With reference to FIG. 2, three 1dentical frequency tone fields 210, 212, 214 are
transmitted 1n one slot. The first frequency tone field 210 serves as the guard interval of the
rest of frequency tone ficlds 212, 214. It 1s also used for automatic gain control and slot
timing detection. The last two frequency tone fields 212, 214 are used for SNR estimation
and Node Index detection. The carrier frequency offset 1s also estimated over these two
identical frequency tone fields.

[0060] The Nrx CSI fields 216, 218 are needed for up to Nrx by Nrx CSI matrix
estimation. For a distributed MIMO, cach node has to send a unique CSI field, which 1s

indexed by the frequency tone ficld node index tone. As shown 1n FIG. 5, the k-th sub-carrier
12
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in 1-th CSI field 1s modulated by P(1,j)*w(k), where P(1,)) 1s a complex constant, 7 18 the CSI
index and j 1s the j-th node index. For example for the 15th node, subcarrier 0 1n CSI field 2

510 1s modulated by P(2,15)*w(0) 512, subcarriecr 1 i CSI field 2 1s modulated by

P(2,15)*w(1) 514, etc. w(k) 1s a known fixed random sequence and k 1s the frequency carrier

index (k=0,1, .. 203 1n this case). Table 4 shows example CSI values.

Table 4 MSA2 CSI values P(i,))

1=1 1=2

=1 0.7071 - 0.70711 0.7071 - 0.70711
=2 0.7071 + 0.70711 0.7071 - 0.70711
=3 -1.0000 + 0.00001 -0.7071 + 0.70711
1=4 -0.7071 + 0.70711 0.7071 - 0.70711
175 0.7071 - 0.70711 1.0000

=6 -0.0000 - 1.00001 0.0000 + 1.00001
=7 -0.7071 + 0.70711 -0.0000 - 1.00001
J=8 1.0000 -0.7071 - 0.70711
=9 -0.0000 - 1.00001 0.7071 + 0.70711
1=10 -0.7071 + 0.70711 0.7071 +0.70711
=11 -1.0000 + 0.00001 0.7071 +0.70711
1=12 -0.0000 - 1.00001 -1.0000 + 0.00001
1=13 0.7071 - 0.70711 0.0000 + 1.00001
=14 -0.7071 - 0.70711 0.7071 + 0.70711
1=15 -0.7071 - 0.70711 -0.0000 - 1.00001
1=16 -0.7071 + 0.70711 -0.7071 - 0.70711

[0061] An example 204 value long random sequence for w(k),where k=0,1,2,...203 1s:

0.7071 -0.70711 0.7071 + 0.70711 -1.0000 + 0.00001 -0.7071 + 0.707 11
0.7071 - 0.70711 -0.0000 - 1.00001 -0.7071 +0.70711 1.0000
-0.0000 - 1.00001 -0.7071 + 0.70711 -1.0000 + 0.00001 -0.0000 - 1.00001
0.7071 -0.70711 -0.7071 -0.70711 0.7071 +0.70711 -0.7071 +0.707 11
0.7071 -0.70711 0.7071 -0.70711 -0.7071 +0.70711 0.7071 -0.70711
1.0000 0.0000 +1 .00001 -0.0000 -1.00001 1.0000
0.7071 +0.70711 0.7071 +0.70711 0.7071 +0.70711 -1.0000 + 0.00001
0.0000 + 1.00001 0.7071 +0.70711 1.0000 -0.7071 -0.707 11
-0.7071 +0.70711 0.7071 -0.70711 -0.7071 + 0.70711 -0.7071 + 0.707 11
-0.0000 - 1.00001 -1.0000 + 0.00001 0.7071 +0.70711 -0.7071 -0.70711
-0.0000 - 1.00001 1.0000 -0.7071 -0.70711 -0.7071 +0.707 1
-0.0000 - 1.00001 -1.0000 + 0.00001 -0.7071 -0.70711 -0.7071 + 0.707 11
0.0000 + 1.00001 0.7071 +0.70711 0.7071 +0.70711 -0.7071 -0.707 11
0.0000 + 1.00001 -1.0000 +0.00001 0.7071 +0.70711 -0.7071 - 0.70711
-0.7071 + 0.70711 -0.0000 - 1.00001 -0.0000 - 1.00001 -1.0000 + 0.00001
-0.7071 +0.70711 0.7071 -0.70711 -0.0000 - 1.00001 -0.7071 - 0.70711
-0.0000 - 1.00001 -0.7071 -0.70711 0.0000 + 1.00001 0.0000 + 1.00001
0.0000 + 1.00001 -1.0000 + 0.00001 -0.7071 -0.70711 0.0000 + 1.00001
-0.0000 - 1.00001 -1.0000 + 0.00001 0.0000 + 1.00001 -0.7071 -0.707 11
-1.0000 + 0.00001 -0.7071 +0.70711 -0.7071 -0.70711 -1.0000 + 0.00001
-0.0000 - 1.00001 0.7071 -0.70711 -1.0000 + 0.00001 0.7071 -0.707 11
0.7071 +0.70711 0.7071 -0.70711  0.0000 + 1.00001 0.0000 + 1.00001
0.7071 -0.70711 -0.7071 - 0.70711 0.7071 +0.70711 1.0000
0.7071 -0.70711 0.7071 + 0.70711 0.0000 + 1.00001 -0.7071 - 0.707 11
0.0000 + 1.00001 -0.7071 +0.70711 1.0000 0.7071 -0.70711
-1.0000 + 0.00001 -0.7071 +0.70711 -1.0000 + 0.00001 0.0000 + 1.00001
-0.7071 +0.70711 0.7071 +0.70711 -1.0000 + 0.00001 -0.0000 - 1.00001
-1.0000 + 0.00001 -0.7071 -0.70711 0.7071 + 0.70711 -0.7071 + 0.707 11
-0.0000 - 1.00001 -0.7071 - 0.70711 -0.7071 + 0.70711 -1.0000 + 0.00001
-0.0000 - 1.00001 1.0000 -1.0000 + 0.00001 1.0000
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-0.7071 + 0.70711 0.0000 + 1.00001 -0.0000 - 1.00001 1.0000

-0.0000 - 1.00001 0.7071 -0.70711 0.7071 -0.70711 -0.0000 - 1.00001

-0.7071 +0.70711 -0.7071 +0.70711 0.7071 + 0.70711 -0.7071 -0.707 11
0.0000 + 1.00001 0.7071 -0.70711 -0.7071 - 0.70711 -0.7071 + 0.707 11

-0.7071 -0.70711  0.0000 + 1.00001 -0.7071 +0.70711 0.7071 -0.707 11
-0.7071 -0.70711x 0.7071 + 0.70711 -0.0000 - 1.00001 -0.7071 - 0.707 11

0.7071 +0.70711 0.7071 +0.70711 -1.0000 + 0.00001 -0.7071 -0.70711
0.0000 + 1.00001 -1.0000 + 0.00001 -0.7071 +0.70711 1.0000

1.0000 0.0000 + 1.00001 1.0000 -0.7071 +0.707 11
-0.7071 -0.70711 1.0000 1.0000 -1.0000 + 0.00001
-1.0000 + 0.00001 1.0000 1.0000 0.7071 + 0.70711
-1.0000 + 0.00001 1.0000 0.0000 + 1.00001 -0.7071 -0.70711
-0.7071 -0.70711 -0.7071 - 0.70711  1.0000 -0.7071 + 0.707 11

-0.7071 +0.70711  0.0000 + 1.00001 0.7071 +0.70711 -0.7071 - 0.70711
-0.7071 -0.70711 -0.7071 - 0.70711 -0.7071 + 0.70711 -1.0000 + 0.00001
1.0000 -0.7071+ 0.70711 -0.7071 -0.70711 0.7071 -0.707 11
0.0000 + 1.00001 0.0000 + 1.00001 -0.0000 - 1.00001 0.7071 + 0.70711
-0.0000 - 1.00001 0.7071 -0.70711 0.7071 +0.70711 0.7071 4+ 0.70711
1.0000 1.0000 -0.7071 -0.70711 0.7071 + 0.70711

-0.0000 - 1.00001 0.7071 +0.70711 0.7071 +0.70711 0.7071 -0.70711
-0.7071 + 0.70711 0.0000 + 1.00001 0.0000 + 1.00001 0.0000 + 1.00001

[0062] FIG. 6 shows a logical tone format for SMHz channelization. This 1S an example
of a signal transmitted by the transmitter. A CSI 610 has 196 data tones 612, 8 pilot tones
614 and 52 zero tones 616. The j-th Node picks two CSI values P(/,j) and P(2,j) from Table

4. The non-zero tones 1n first CSI field can be represented by:

CSI(1,k)=P(1,))*w(k-1), where k=1,2,...102 [Equation 2]
CSI(1,k)=P(1,))*w(k-52), where k=154,155,...255 [Equation 3]
The remaining CSI fields can be represented similarly, with P(1,3), 1=1,2,. Nrx:
CSI(1,k)=P(1,))*w(k-1), where k=1,2,...102 [Equation 4]
CSI(1,k)=P(1,))*w(k-52), where k=154,155,...255 [Equation 5]

[0063] The frequency domain CS(1,k) and CSI(2,k) can be converted to the time domain
by taking complex 256-1FFT (“fast Fourier transform”):
CSI(1,n)=1FFT(CSI(1,k)), where n=0,1,...255, 1=1,2,..Nrx |[Equation 6]

[0064] 64 GI samples are inserted to form a 320 samples CSI field.

[0065] A node can transmit information using a OFDM symbol transmitter. FIG. 7
shows a block diagram of a OFDM symbol transmitter 700. Each slot includes 8§ OFDM
symbols. The OFDM symbol transmitter 700 includes a scrambler 710, a convolutional
encoder 712, an interleaver 714, a quadrature amplitude modulation (“QAM’) mapper 716, a
complex 256-1FFT mapper 718, a guard interval msertion block 720, and a digital to analog
converter (“DAC”) 722. The components of the OFDM symbol transmitter can include one
Oor mor¢ processors (e.g., microprocessors, digital signal processors (“DSP”), field
programmable gate arrays (“FPGA”), etc.) and memory. Therr functions can be performed in

hardware, 1n software executing on the processors, or combinations of hardware and software.
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[0066] A OFDM symbol includes 876 mformation bits. One block of bits 1s scrambled
by the 802.11g scrambler 710. The transmitted data 1s scrambled to prevent long strings of

ones and zeros. A generator polynomial defining the operation of the scrambler 710 1s:

S(x)= x!+x? +1 [Equation 7]

The 1nitial state 1s a set of seven ones (1111111).

[0067] The DATA field (FIG. 2, 220) can be punctured and coded with the convolutional
encoder 712, which can have, for example, a coding rate R=1/2 or R=3/4. The encoding can
improve forward error control and hence mmprove the bit error rate. FIG. 8 illustrates
puncturing patterns for a coding rate of R=3/4. Six tail bits with values of zero can be added
to the 876 information bits to form a 882 bits long nput block. Referring back to FIG. 7, the
output of the encoder 712 1s a 1176 bits long block.

[0068] Before transmission, the transmitted data can be interleaved by the interleaver 714.
In 1nterleaving, the data 1s transmitted out of order, so that if a portion of the data 1s corrupted
during transmission, the corrupted data will be spread out throughout a frame, and will be

casier to correct. The interleaver 714 interleaves the 1176 bits long block by two

permutations:
i =84 -mod(nld)+ floor(n/14), n=01,..1175 [Equation 8]
j=3- floor(i/3)+ rnod[z' +1176 — floor(14-i/1 176),3], 1 =0,1,.1175 [Equation 9]

The bit interleave 1s a » to j index transformation. This transformation can be implemented by

a look up table (“LUT”’) method.
[0069] After interleaving, the 1176 bits data block can be grouped into 196 6-bit blocks.
The QAM mapper 716 can perform 64-QAM modulation on the 6-bit blocks. For every 6-bit

b, b, b, by b, bs| block, the 64-QAM modulation is:

[ = \/iszO[4—b1(2—b2)] [Equation 10]
Q= \/27253[4—54(2—55)] |Equation 11]

Information bit b equals +/-1. There are 196 data tones:

X(k)=1I(k)+j*0O(k) k € Data Tones [Equation 12]
196 64-QAM symbols are placed on 196 data tones as shown in FIG. 6 (non-zero tones
excluding pilots).
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[0070] For the MIMO-OFDM operation in 5 MHz bandwidth, ecach OFDM symbol can
be constructed from 256 tones, of which 196 are data tones 612, 8 are pilot tones 614 and 52
are zero tones 616, as shown m FIG. 6. The 8 pilot tones 614 are BPSK modulated at (13 38
63 88 168 193 218 243). Thewr BPSK values are P(k)=(1 -1 -1 -1 11 1-1). The frequency
domain tone X(k) and P(k) together are converted to the time domain by the complex 256-
1IFFT mapper (FIG. 7, 718).

[0071] As shown m FIG. 9, a cyclic prefix of 64 samples (12.8 usec) 910 1s added to the
time domain by the guard interval insertion module (FIG. 7, 720) to generate a symbol of 320
samples 912. The guard interval 1s used to ensure that signals from one symbol are not
confused with signals from another symbol. The long GI duration 1s used to protect the
nodes with long distance. 12.8 usec GI can tolerate maximum distance of 3.84 Km.

[0072] An mterpolation filter can be used to suppress the interpolation image. The
interpolation filter 1s a 13-tap square-root raised Cosine filter with o = 0.3. Its behavior 18

determined based on the equation:

x(n) = Nz/fh(m)s(n — m) [Equation 13]

m=—2N/2

The filter coetticients are shown in Table 5.

Table S: Transmit interpolation filter

n h(n)
-6, 6 -0.0234
-5, 5 0.0318
-4, 4 0.04
-3, 3 -0.1086
2,2 -0.053
-1, 1 0.4351

0 0.7651

[0073] A node can receive a signal using a MSA receiver. The components of the MSA
receiver can include one or more processors (¢€.g., microprocessors, DSPs, FPGAs, ¢tc.) and
memory. Therr functions can be performed m hardware, 1in software executing on the
processors, or combinations of hardware and software. FIG. 10 shows a MSA recerver 1000
with two receiving antennas 1010. MSA transmissions are received by the antennas 1010.
The MSA transmissions received by the antennas 1010 are processed by two 12 bits digital to
analog converters (“DAC”) (not shown). The DACs are used for a pair of I and Q nputs at
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sampling rate of 10 Msamples/s. The DAC resolution 1s high enough to handle MSA signals,
for example high enough to handle 1 sign bit, 2 bits head room for -12 dBFS, 4 bits to cover

near far nodes (the far distance can be 16 times of the near distance), and 5 bits for the

OFDM signal. There can be 2Nrx DACs or Nrx complex DAC outputs x;(/7; ) for a MSA

receiver, where 1=1,2,..Nrx 18 the receiver antenna index.
[0074] The Nrx RX complex signals from the DACs are filtered by matched filters 1012
corresponding to the antennas 1010. The matched filter 1012 can each be a 13-tap raised

Cosine filter with oo = 0.1. Exemplary filter coetticients are listed 1n Table 6:

Table 6: MF coetficients (16 bits fixed point)

n h(n)
-6, 6 -0.01656
-5, 5 0. 0225
-4, 4 0. 0283
-3, 3 -0. 0768
2,2 -0. 0375
-1, 1 0. 30767

0. 541

The 10MHz samples are immediately decimated to SMHz after the matched filters 1012.
Each SMHz decimated matched filter output 1s y ;(nT ).

[0075] A preamble and CSI processing module (FIG. 10, 1014) can be used to implement
automatic gain control. Automatic gamn control 1s used because received signals can be
received at very different mput powers, while the baseband processing circuitry of the
recerver expects signals in a more narrow amplitude range. The dynamic range can be from x
dBm to y dBm. An mitial AGC must be set before the second tone field received. The
channel can be assumed to be static over the length of the slot and the gain of the radio 1s set
at the beginning of the slot during the first received FTF. An automatic gain control set
poimnt can be determined from a peak to average measurement of a signal. The maximum
peak to average ratio for a 64-QAM case 18 between 7-8 dB. The AGC set point can be -9
dBFS for 64-QAM OFDM.

[0076] A fast AGC algorithm can be used to more quickly determine an initial gain
setting. The fast AGC algorithm measures a receive signal strength indicator (“RSSI”), R(n),

on 4 samples of the frequency tone field:
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| Va3 >
R(n)= ZZyj(ern) [Equation 14]
4er j=1 m=0
or

afs > > |

R(n):R(n—1)+Zyj(n+3) —|y;(n—1) [Equation 15]
j=l1

[0077] FIG. 11 1s a flow chart of the fast AGC algorithm 1100. The initial setting of the
radio can be Gpax Since i1t 18 desirable to detect weak signals (1110). The RSSI, R(n), 1s
computed (1112) and compared to a -7 dBFS value (1114). If the measured RSSI of the data
1s greater than -7 dBFS the gain 15 decreased by 18 dB (1116). If not, the RSSI 1s compared
to a -30 dBFS value and the gain 1s compared to Gnax (1118). If the signal level 1s greater
than or equal to -30 dB and the gain 1s equal to Gnax, the algorithm determines whether a
maximum number of 1terations has occurred (1120), for example 192 1terations. If so, a fRss1
value 1s set to 0, indicating that no signal has been detected (1122). If the gain does not equal
Gmax Or 1f R(n) 18 less than -30 dB, then R(n) 1s compared to -30 (1124). If the signal level 1s
less than -30 dB the gain 1s mcreased by 6 dB (1126) or set to Guax 1f Gmax 18 less than the
gain plus 6 dB. If R(n) 1s not less than -30 dB, the fRss1 value 1s set to one, and a fine
automatic gain control 1s mitiated (1128). Each iteration requires about 6 samples (4
measurement + 2 samples for settling time) for a total of 6N samples of N 1terations.

[0078] After the fast AGC has converged on a value, the dynamic range of the data 1s 1n

the range [-7 dBFS, -30 dBFS]. 16 samples arc averaged to gencrate a reliable estimate of
the RSSI:

RS E . |
RSST = Z Z yi(m+n) | Equation 16]
16er j=1m=0

The gan value corresponding to -9 dBFS 1s:
G =-9-10/og,,( RSST ) [Equation 17]

This gamn value can be sent to the radio to sct the signal at -9 dBFS.
[0079] The preamble and CSI processing module (FIG. 10, 1014) can be used to detect
which nodes are transmitting. When there 1s a transmission from at Ieast one transmitting

node 1n the slot, the current transmitting node index 1s detected using 64 point fast Fourier

transform (“FET”) on 2™ FTF:
Z(k)=FFT\z,(n)) k=12,..64 [Equation 18]

and
18



CA 02717591 2010-09-02

WO 2009/105524 PCT/US2009/034496
N, )
P(k)=) |Z;(k), k=12,.64 [Equation 19]
j=1

As shown 1n FIG. 12, the node index can be detected using an algorithm 1200. A noise

power can be calculated (1210):

P,= ) P(k) [Equation 20]
k=2,4,..64

An SNR can be determined for each tone (1212):

P(k)
o

M

k=13)5,...,63 [Equation 21]

SNR(k ) =

An active node number can be detected (1214):

P(k)
5

14!

A maximum SNR can be determined (1216):
SNR(max) = max(SNR(k )), k =135,....63 [Equation 23]

SNR(k ) = k=1353,...,63 [Equation 22]

[0080] The maximum SNR, then, 1s associated with one of the tones. The maximum
SNR can be compared to a threshold value, for example 15 dB (1218). If the maximum SNR
1s greater than 15dB, and the SNR for cach of the other tones 1s less than 10dB, 1.¢.,
SNR(k)<10 dB, a single node has been detected, and a Single Node value can be set to 1
(1220). Otherwise, either no node or more than one node has been detected, and the
Single Node value can be set to 0 (1222). If the Single Node value 1s 1, the SNR(max) tone
can be saved and indexed as j1 (1224). If the Single Node value is 0, a number of
transmitting nodes Nzx whose SNR(k) 1s greater than 10 dB can be determined (1226). If Ntx
= (0 (1228), then no nodes are transmitting (1230). If Ntx>Nrx (1232), then Ntx can be set to
Nrx (1234). The Nrx maximum SNR(k) can be used. The Ntx SNR(k) tone indexes can be
saved as 71, 32, .JNtx (1236). The node index 71, 32, ...]Ntx can be used to pick the CSI fields.
[0081] The preamble and CSI processing module (FIG. 10, 1014) can also detect signals
and acquire timing. In a Slotted system, the Slot synchronization 1s achieved by a Low MAC
protocol. The physical layer protocol works on a known slot boundary as shown m FIG. 13.
FIG. 13 shows the detection of a start of a frame (slot). A new slot timing drift © 1310 for a
frame m+1 1312 compared to a frame m 1314 can be measured and sent to the Low MAC for
the slot synchronization tracking. The slot timing drift 7 1s measured as the AGC 1s set at |-

30 -7] dBFS as shown in FIG. 11. The slot timing drift ¢ can be calculated as:
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T = Hgignar T2 | Equation 24]
Ngionar 18 the first time sample index for RSSI(n)>-30 as described for FIG. 11. The slot drift

T can be sent to the Low MAC protocol. The Low MAC protocol uses 1t for the slot time
synchronization if there 1s only one node transmitting (1.¢., Single Node=1).
[0083] The preamble and CSI processing module 1014 can estimate a CFO. The recerved
signal at the j-th antenna, y; (n) 1s:

yi (n) = A; s; (n)e!”™™"° + w; (n) [Equation 25]
si (n) 18 the frequency tone field signal, of i1s the carrier frequency offset and 7s 1s the

sampling rate. The receiver noise, w; (n), 18 assumed to be zero-mean white Gaussian with

: : : : : d d
variance o~ and the signal variance is assumed to bes?. Using the 2™ and 3™ frequency

tone ficlds and the periodicity property of the frequency tone ficlds:
$i(n+64) = si(n), n=0,1,...63 | Equation 26]
si(n) 18 the frequency tone field sequence. This property can be used to formulate the

following statistic:

641
Ci(ny)= Zyj (m+ny + 64)yj-(m +n, ), n,=start of the 2" ETF [Equation 27]
m=0

[0084] A maximum likelihood (“ML”) estimate of the carrier frequency offset can be

represented by:
™ _
imag ZCj(nO)
of = Js to L7 = [Equation 28]
21 - 64 N,
real ZC (ny)
J=l _
f,=5 MHz.

[0085] of can be filtered by a one-pole infinite impulse response (“I1IR”’) filter 1f there 1s

only one node transmitting (i.¢., Single Node=1):

CFO=09-CFO+0.1-of [Equation 29]

The carrier frequency offset 1s sent to the Low MAC for the frequency synchronization.

[0086] The preamble and CSI processing module (FIG. 10, 1014) can also estimate CSI
values. FIG. 14 illustrates the computation of H(k) values for two CSI ficlds. Each slot

consists of Nrx 320-sample CSI ficlds in a MSA system. 64 GI samples are removed from
the CSI fields at Inverse OFDM modules (FIG. 10, 1016). The CSI ficlds 1n the frequency
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domain can be recovered by taking a 256-point fast Fourier transform of the symbol. By way
of example, a MSA-2 with Nrx=2 1s described. A CSI frequency domain vector at two

receiver antenna output can be defined as:

Z (Lk)=[Z,(Lk) Z,(1,k)] for 1¥CSI [Equation 30]
Z, and Z, 1410, 1412 are two antenna outputs;

Z (2,k)=[Z,(2,k) Zy,(2,k)] for2™ CSI [Equation 31]

Z, and Z, are two antenna outputs.

[0087] For each sub-carrier £, the CSI 1s a 2x2 matrix denoted by H(k):

H, (k) H (k)
H(k)= (k) 12(K) [Equation 32]
Hy (k) Hyy(k)
The two antenna outputs 1410, 1412 for the two CSI ficlds 1414, 1416 are:
Z\(Lk) Zy(Lk) | [CSL(Lk) CSL(Lk) || Hy (k) H(k) .
_ | | | Equation 33]
Zy(2k) Zy(2.k)] | CSL(2.k) CSL(2.k) || Hyy(k)  Hyy(k)
The k-th CSI matrix estimation 1s:
Hyy (k) Hy(k) ] [Z(1Lk) Zy(Lk) |[CSL(Lk) CSLy(Lk) T'
, , _ | Equation 34]
Hou(k)  Hyo(k) | [ Z(2k) Zy(2,k) || CSIi(2,k) CSI(2,k)_

[0088] After the carrier frequency offset 1s estimated and the channel state information 1s
estimated, the data field of the received MSA slot can be processed. Referring back to FIG. 2,
frequency tone fields 210, 212, 24 and CSI fields 216, 218 are followed by a data field 220,
which includes 8 OFDM symbols. Each 64 usec long OFDM symbol has 320 samples.
Referring back to FIG. 10, based on Nrx matched filter output streams, the 64-symbol GI 1s
removed first from cach strecam at the inverse OFDM blocks 1016. Then Nrx 256-point

complex fast Fourier transforms are taken on cach of the 256 complex time samples at the

inverse OFDM blocks 116:
Z.(k)=filz;(n)), j=1,2, .. Nrx [Equation 35]

When there are N, <N __ TX nodes, a received vector 18

Z(k)=X(k)H(k)+W(k) [Equation 36]
where

Z(k)=|2:(k), Z,(k) ... Zy (k)] [Equation 37]
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- H\ (k) H,(k) H (k)
H(k)= Haa(k) Hz{(k) Hon, (K) [Equation 38]
_Hfo,l(k) Hy (k) HNQ,er(k)_NtxxN
and the signal symbol vector 1s
X(k)=|X\(k), X,(k), ... X\ (k)] [Equation 39]

[0089] With further reference to FIG. 10, a MIMO minimum mean squared error
(“MMSE”) decoder 1018 can 1dentify and recover several distinct signals transmitted on the
same channel from several transmitters. The MMSE decoder 1018 uses the channel state

information matrix in the decoding. For example, the signal

X(k)=|X,(k), X,(k), .. Xy (k)] [Equation 40]
can be recovered from received vector
Z(k)=|2:(k), Z,(k) ... Zy (k)] [Equation 41]
When Ntx=1, there 1s only one frequency domain stream
,_\ I &
X,(k)= I, Z;Hl’ i+Zi(k), ke Data tones and pilot tones [Equation 42]
rx j=

When Ntx=Nrx, a Nrx dimensional vector 1s decoded as:
X0k ), Xo(h), oo Xy (K)|=NZ(K), Zy(k) .., Zy (k)| Gy (k) [Equation 43]

where
1
Gy n (k)= (H (k) T ,  keData tones and pilot tones [Equation 44]
When 1< N, <N,

- Zi(k)

Zy(k)

X, (k), Xy (k), o, Xy (k)] Gy x (k) [Equation 45]

Ly (k)

where
¥ ¥ _1
Gk)=H"(k\H(k) H (k)]
Nrx MIMO data streams can be recovered by the above MIMO MMSE decoding. If the CSI

H (k) 1s not invertible, the values generated by the MIMO decoder 1018 will include a large

k € Data tones and pilot tones [Equation 46]

amount of error. Preferably, the MSA system 1s a distributed MIMO system and the CSI
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H (k) icludes two independent RF transmitter chains, so the possibility of a singular H(k) 1s

small.
[0090] The MIMO decoder 1018 recovers the Ntx streams as:
Xi(k)

S )?2(]()

X(k)= [Equation 47]

Phase error can be estimated and corrected by a phase lock loop (“PLL’) 1020 based on the
pilot tones. For the m-th OFDM symbol, the phase error is estimated by:

> SimlXk)
S B R
I S TRl k)
. J K )

> k € pilot tones , 1=1,2,... Nrx  [Equation 48]

The data tones at m-th OFDM symbol are phase corrected by (m-1)-th PLL 1020 output:
X ik )= X (k) exp(— ] -d;m_l ) k € Data Tones | Equation 49]
[0091] Constellation demappers 1022 perform constellation demapping on the decoded

bit streams. For a 64-QAM case, cach data tone X (k) consists of 6 soft bits at J-th stream

and k-th subcarrier:

b.(k,0),b,(k1),b.(k2),b,(k3)b,(k4)b (k5), j=1,2, Ntx  [Equation 50]

The soft bits can be calculated according to the following equations:

b,(k,0)=RelX (k) [Equation 51]
bi(k,1)= \/272 bi(k,0) [Equation 52]
bi(k,2)= \/372 bi(k,1) [Equation 53]
b,(k3)=1Im|X (k)] [Equation 54]
bi(k,4)= \/172 bi(k,3) [Equation 55]
bi(k,5)= \/% bi(k,4) [Equation 56]

When Ntx>1, soft bits are further weighted by:
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b(k,0),b;(k,1),b;(k,2),b,(k,3),b,(k,4).b,(k,5),
= | Equation 57]
b.(k,0),b,(k,1),b,(k,2),b,(k,3),b,(k,4),b,(k,5)]

N?‘X

| =i

G, (k) 1s the MIMO decoder gain calculated by the MIMO decoder 1018.

2

[0092] The MIMO decoder 1018 can also perform MIMO decoding involving the inverse
of the matrix H(k):

X00k), Xy(k), s Xy (K)|=|20(K), Zy(K) . Zy (k)| Gy_y_(K) [Equation 58]

where
i 1 " A(k) .
G k)=det (K)\H(k =det (k : Equation 59
v, (k) =det’ (ki (k) ' =der (k)2 [Equation 59
Since performing the division can require significant resources, the following values can be
used:
U\(k),Uy(k), . Uy (K)| = |zik), Zy(k) . Zy (k)| det’ (k) A(k) =
det(k )| |X,(k ), Xy(k), ... Xy (k) [Equation 60]
The soft bits can be calculated according to the following equations:
b, (k,0)=RelU (k)] [Equation 61]
- A det(k )| -
(k1)= (k.0 Equation 62
ey Ja2 i (K.0) [Eq ]
2ldet(k )| |
bi(k,2)= 75 bi(k,1) [Equation 63]
b(k,3)=ImlU (k)| [Equation 64]
A det(k )| |
bi(k,4)= T b:.(k,3) [Equation 65]
2ldet(k )| |
bi(k,5)= T bi(k,4) [Equation 66]

When Ntx 1s greater than 1, the soft bits can be further weighted by:
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p(k,0),b;(k,1).b,(k.2),b;(k,3),b;(k,4),b,(k,5)]
= | Equation 67]
b.(k,0),b,(k,1),b,(k,2),b,(k,3),b,(k,4),b,(k,5)]

er

\ > \det (k)A, (k)
m=1

This allows the MIMO decoder 1018 to perform calculations without the 1/det(k) operation.
[0093] The soft bit streams {b,;(k,0),0;(k,1),b;(k,2),b;(k,3),0;(k,4),b;(k,5)} can be

2

de-interleaved by Ntx De-interleavers 1024. The deinterleavers 1024, which perform the
inverse of the function performed by the mterleaver (FIG. 7, 714), can be defined by two

permutations. The first permutation can be defined by the rule:

i =3- floor(j/3)+ mod[j + floor(14-i/1 176),3], i=0,1,.1175 [Equation 68]
The 2nd permutation can be defined by the rule:

k=14i—-1175- floor(14-i/1176), n=01..1175 [Equation 69]

The frequency deinterleaving can also be implemented by a LUT method.

[0094] Ntx Viterb1 decoders 1026 with trace back length of 64 can be used to decode the
bit streams from the de-interleavers 1024. A de-scrambler 1028 can be used to descramble
the OFDM symbols scrambled using the scrambler (FIG. 7, 710).

[0095] A distributed MIMO system consists of a group of nodes at different locations and
with different clock drifts. MSA time synchronization can be used to ensure that all of the
nodes transmit at the same time such that transmissions from the distributed nodes can be
trcated as transmissions from one¢ node passing through a multipath channel. FIG. 15
illustrates an algorithm 1500 for a node (referred to here as a synchronizing node or synch
node) that has just joined the neighborhood of nodes to time synchronize to a reference node.
[0096] The reference node 1s a node that 1s already operating on a correct slot mark 1510.
The synch node 1s operating on an arbitrary slot mark 1512. The synch node receives a

reference slot at the measured time T1 1514. The synch node slot mark 1s advanced to

T,(min) 1516 from the received point, where 7,(min) 1s the MSA minimum distance time

(0.03 usec). The synch node now 1s operating on a new slot mark 1518. The synch node
listens to the reference node for a second transmission. A measurement time associated with

the second transmission 1s T2 1520 and

12=T7d —dT | Equation 70]
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[0097] After recerving the second slot, the synch node transmits a short timing contention
slot 1522 to the reference node. A short timing contention slot 1s a 128-sample complex tone
field, such as two frequency tone ficlds. The short timing contention frequency tone 1s
randomly selected from a list of unused tones. The short timing contention slot 1s used by the
reference node to set the automatic gain control, measure the short timing contention tone and
measure 1ts arrival time, T3 1524:
13=T7d+dT |[Equation 71]

The short timing contention slot can only be detected and measured when there 1s only a short
timing contention transmission in that slot.

[0098] The reference node sends back the measurement T3 1524 to the synch node. Each
MSA node measures a T3(n) value from all of the other nodes and only stores the latest T3(n)
in the memory, where n=1,2,...N node. Every 1 second a Node will broadcast N node
T3(n). T3(n) 1s a 9-bit unsigned 1nteger that represents a maximum possible T3(n) of 51.2

usec with 0.1 usec resolution. Therefore a total T3 message consists of 9*N node T3 bits and

N node-log,(N node)node index bits. Slot timing adjustment should not be allowed

before sending the T3 message.
[0099] A synch node time drift dT 1526 can be computed from Equations 70 and 71:

dT' =(T3-T72)/2 [Equation 72]
The synch node adjusts 1ts slot again by dT 1528. The synch node 1s synched to the reference
node. In the MSA, all nodes are constantly tracking the time drift, dT. After a node 1s
synchronized, a MSA slot can be transmitted rather than a short timing contention slot. If a
node includes a 0.1ppm oscillator and the network has a timing error requirement of 0.1 usec,
cach node needs to receive a T3 measurement every 1 second.
[00100] The synch node can determine the network frequency by measuring the carrier
frequency offset a number of times (¢.g., at least 20 times) adjusting 1its oscillator to match
the network frequency before transmitting. As shown m FIG. 16, the MSA nodes 1610 can
be frequency synchronized in an 1solated mesh network where two clusters 1612, 1614 are
not in a communication range. The frequency synchronization algorithm can be configured
to use a “lowest” frequency identification (“ID”) value and propagate that information to
neighboring nodes to get convergence on a frequency associated with the frequency ID value.
For example, the first cluster 1612 chooses a frequency ID of 12 and the second cluster 1614
chooses a frequency ID of 3. A bridge node 1616 listens to nodes from both clusters 1612,

1614. The bridge node 161 chooses the frequency of the second cluster 1614 because the
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frequency ID 1s 3 which 1s lower than the frequency ID of 12 of the first cluster 1612. The
bridge node 161 adjusts its transmit/receive frequency to the frequency associated with the
frequency ID of 3. When the nodes 1n the first cluster 1612 receive a signal from the bridge
node 1616, they will change their frequency to the frequency associated with the frequency
assoclated with the frequency ID value of 3.
[00101] MSA network synchronization 1s a combined effort of time and frequency
synchronization. There are two MSA synchronization modes: a newly joined synch node
synchronizing to the network and a synched node tracking the timing of the network to
remain synchronized.
[00102] FIG. 17 shows a ladder diagram of a newly joined synch node synchronizing to a
network. The new joined node 1s timing and frequency un-synched. The synch node
receives a transmission from one of a set of reference nodes (the other nodes i1n the
neighborhood) 1710. The synch node measures the time T1 that 1t recerved the transmission
1712. The synch node estimates a carrier frequency offset for the frame for frequency
synchronization 1714 and performs an initial frame mark adjustment 1716. The synch node
then receives a set of transmissions TX(1) — TX(N) from the reference nodes 1718 and
measures and records the received timing T2(1,n) for M different nodes, where 1 1s the node
index and n 1s the frame number 1720. The synch node measures carrier frequency offsets
for cach of the received transmissions and calculates an average CFO 1722. The synch node
then adjusts 1ts local oscillator 1724. The synch node transmits a short timing contention slot
to cach of the reference nodes 1726. The short timing contention slot 1s received by the
reference nodes 1728. Each reference node measures the timing T3 of 1ts receipt of the short
timing contention slot at a different time m and transmits the timing T3(j,m) to the synch
node 1730. The synch node receives the set of T3(j,m), where j=1,2, ..., L 1732. The Synch
node checks the age of cach T3(j,m) for cach j and finds a frame number n of T2(3,n) 1734.
If m-n<1 second, then the time drift dT with respect to each reference node 1s
dT())=[T3(3,m)-T2(3,n)]/2 [Equation 73]
The synch node calculates an average time drift dT as the average of dT(j) 1736. The synch
node adjusts the frame mark according to dT 1738.
[00103] FIG. 18 shows a ladder diagram for a node 1n a tracking mode, where a synched
node 1s tracking the timing of the network to remain synchronized. After the node has
synched with the network, the timing and frequency are constantly changing due to frequency

oscillator drift and movement of the node and other nodes. Therefore the timing and
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frequency are tracked continuously. A tracking node (node that is tracking the network
timing to remain synchronized) receives a set of frames TX(1) through TX(N) transmitted
from a set of reference nodes (other nodes in the neighborhood) 1810. The tracking node
measures and records a received time T2(1,n) for M different nodes, where 1 1s the node index
and n 1s the frame number 1812. The tracking node measures carrier frequency offsets for
cach of the frames and calculates an average CFO for the N frames 1814 and adjusts 1ts local
oscillator based on the average CFO 1816. The Tracking node transmits a MSA frame to
cach of the reference nodes 1818. The MSA frame 18 received by L reference nodes 1820.
Each reference node measures a received time t# for the MSA frame at a different time m and
transmits to the Tracking node the T3(j,m) 1822. The tracking node receives the L T3(j,m)
transmissions, where j=1,2,. . . L 1824. The Synch node checks the age of T3(j,m) for each |
and finds a frame number n of T2(j,n) 1826. If m-n<1 second, then the time drift dT with
respect to each reference node 1s

dT())=[T3(3,m)-T2(3,n)]/2 [Equation 74]
The Synch node calculates an average time drift dT as the average of dT(j) 1828. The
tracking node periodically (e.g., every 1 second) adjusts the frame mark according to dT, and
clears the record for T2 1830.
[00104] A MSA node transmit rate p can be set according to:

— Equation 75
P=s [Eq |

node

N, 18 a number of system available streams and N, ,, 1s a number of active nodes. N 1S a

ode
dynamic parameter depending on the slot usage tone (FIG. 4, 416). A node can operate on a

high quality of service (““QoS”) mode when 1ts first tone 1n a tone group 18 set. The node can

reserve the next slot to transmit. For all other nodes’ transmission, the N 1S set to

N, =N, -1 |Equation 76]
When m (m < N, ) nodes are working on the high QoS mode, the N_ value 1s set to

N, =N,_—m, | Equation 77]

where 0< N <N_ . N, can be estimated over an observation window of 64 slots. The

node
number of active tones can be detected on the FTFs.

[00105] The CSMA/CA and MSA protocols have been simulated and compared. Both
CSMA/CA and MSA were simulated using the same physical layer specifications:

e 20 MHz bandwidth
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64 FFT OFDM

0.8 usec Guard iterval

Data rate 54 Mbps (coding rate=3/4, 64 QAM)
13 OFDM symbols per packet

[00106] The CSMA/CA MAC layer was simulated based on the following parameters:

Slot time: 9 usec

DIFS: 5 slots

No RTS and CTS, (no hidden node protection)

Each node had a length of 200 slots first-in-first-out (“FIFO”)

An acknowledgment (“ACK’’) was immediately available to each TX node;

All nodes had the same arrive rate A and the system had an arrive rate of 16- A for 16
node simulations.

[00107] The MSA MAC layer was simulated using the following parameters:

1.
2.

Each node monitored the active nodes;

An adaptive rate control algorithm had the parameters:

e (Over Ns=16 slots monitoring window, e¢ach node counted the number of active
nodes 1n the system: N node;

e A node transmission rate p=Nss/N node was used, where the RX antenna number
Nss=2,4,6;

All nodes had the same arrive rate A and the system arrive rate was 16- A for 16 node
simulations;

An ACK was immediately available to each TX node;
Each node had a length of 200 slots FIFO;

Transmission delay was defined as T out -T in, where T 1n was the time a packet

entered the FIFO and T out was the time a packet was successfully transmitted from
the FIFO.

[00108] FIG. 19 shows system throughput for a CSMA/CA system 1910, a two antenna
MSA system 1912, a four antenna MSA system 1914, and a six antenna MSA system 1916 as

a function of the system arrival rate. FIG. 20 shows average delay for the CSMA/CA system

2010, the two antenna MSA system 2012, the four antenna MSA system 2014, and the six

antecnna MSA system 2016 as a function of the system arrival rate. MSA and CSMA/CA

were compared at their throughput tuning points 1918, 1920, 1922, 1924 shown 1n FIG. 19.

Table 7 lists the system throughput and delay at the turning points. The MSA throughput

improvement 1s about Nss times compared with the CSMA.
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Table 7 CSMA/CA and MSA throughput and delay at the turning point

System arrive rate in System throughput in System average delay in

Mbps Mbps usec

CSMA 15 14.7 2124

MSA 2 238 27.8 569

MSA 4 62 61.2 384

MSA 6 92 91.3 246
[00109] FIG. 21 shows a comparison of throughputs for eight node 2110 and 16 node 2112

CSMA/CA and four antenna MSA (“MSA-4") with eight nodes 2114 and 16 nodes 2116.
The throughput at the turning points were unchanged with the number of nodes for both
CSMA/CA and MSA4. In MSA, the active node number was known to each node so that
cach node could quickly adjust its transmission rate to achieve highest throughput.

[00110] FIG. 22 shows delay performance for cight node 2210 and 16 node 2212
CSMA/CA and MSA4 with ecight nodes 2214 and 16 nodes 2216. When node number
changed from 16 to 8, the CSMA/CA delay went from 2124 usec down to 1598 usec. The
MSA-4 delay, however, went from 384 usec down to 142 usec.

[00111] When active node number was less than or equal to the antenna number Nss, cach
node achieved near full throughput (37 Mbps), as shown m FIG. 23, with small delays as
shown 1n FIG. 24.

[00112] As can be seen, MSA can significantly increase the system throughput with much
smaller system delay as compared to CSMA/CA. MSA can quickly adapt to a dynamic
wireless network. Morcover, MSA does not have the hidden node problem 1n a wireless
network.
[00113] It should be appreciated that some portions of the detailed description have been
presented 1n terms of procedures, steps, logic blocks, processing, and other symbolic
representations of operations on data bits that can be performed on computer memory. A
procedure, computer/machine executed step, action, logic block, process, etc., are here
concerved to be a self-consistent sequence of steps or instructions leading to a desired result.
The steps are those utilizing physical manipulations of physical quantitiecs. These quantities
can take the form of electrical or magnetic signals capable of being stored, transferred,
combined, compared, and otherwise manipulated 1n a computer and/or processing system.
Further, these signals may have been referred to at times as bits, values, numbers, or the like.

Finally, each step may be performed by hardware, software, firmware, or combinations

thereof.
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WHAT IS CLAIMED:

1. A method comprising:

receiving at a synchronizing node a first reference frame from a first reference node
at a first time and storing a first time value representing the first time;

calculating a timing estimator by subtracting a minimum time value, representing the
distance from the synchronizing node to the first reference node, from the first time value;

receiving at the synchronizing node a second reference frame at a second time and
storing a second time value representing the second time;

transmitting from the synchronizing node to the first reference node a short timing
contention time frame;

receiving at the synchronizing node from the first reference node an arrival time
value representing the time at which the first reference node received the short timing
contention frame;

calculating a first time drift from the first arrival time value and the second time
value;

adjusting the timing estimator based on the first time drift; and

transmitting from the synchronizing node a frame according to a timing determined

from the timing estimator.

2. The method of claim 1, wherein calculating the time drift 1s performed
according to the equation:

first time drift = (first arrival time value - second time value)/2.

3. The method of claim 1, further comprising:
determining a reference frequency of the transmission of the second reference frame;
and

adjusting an oscillator at the synchronizing node based on the reference frequency.
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4, The method of claim 1, further comprising:

recerving a third reference frame from a second reference node at a third time and

storing a third time value representing the third time;

transmitting the short timing contention frame receiving at the synchronizing node
from the second reference node a second arrival time value representing the time at which
the second reference node received the short timing contention frame;

calculating a second time drift from the second arrival time value and the third time

value;

determining an average time drift of the first time drift and the second time drift; and

adjusting the timing estimator based on the average time drift.

5. The method of claim 4, further comprising:

determining a first reference node carrier frequency offset from the second reference

frame;
determining a second reference node carrier frequency offset from the third reterence

frame;
determining an average carrier frequency otfset of the first reference node carrier
frequency offset and the second reference node carrier frequency offset; and

adjusting an oscillator at the synchronizing node based on the average carrier

frequency offset.

6. The method of claim 5, wherein determining the first reference node carrier

frequency offset comprises analyzing two frequency tone fields in the second reference
frame and determining the second reference node carrier frequency offset comprises

analyzing two frequency tone fields in the third reference frame.

7. A method comprising:

receiving at a first node a plurality of frames from a plurality of reference nodes;

measuring and recording frame timing values for each the plurality of trames

representing the arrival times of the plurality of frames;
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calculating carrier frequency offset values for each of the plurality of frames;
determining an average carrier frequency offset value of the plurality of frames;
adjusting a local oscillator at the synchronizing node;
transmitting a frame to the plurality of reference nodes;
receiving second frame timing values from the plurality of reference nodes
representing the times the respective reference nodes received the short timing contention
frames;
determining an average time drift for the arrival time values, wherein the time drift
for each of the plurality of reference nodes equals:
(second timing value - timing value)/2;
adjusting the frame timing according to the average time drift; and
transmitting data from the synchronizing frame according to the estimated

frame timing.

8. The method of claim 7, further comprising:
for each of the plurality of frames, calculating an automatic gain control value from a

frequency tone field of the frame.

9. The method of claim 7, wherein calculating the automatic gain control value
COMPIiSEs:

estimating the automatic gain control value as a maximum value;

comparing a receive signal strength indicator for the frame to a first threshold value;

if the receive signal strength indicator is greater than the first threshold value,
decreasing the automatic gain control value by a first predetermined amount;

comparing the receive signal strength indicator for the frame to a second threshold
value; and

if the receive signal strength indicator is less than the second threshold value,

increasing the automatic gain control value by a second predetermined amount.
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10.  The method of claim 7, further comprising:
identifying a node associated with one of the plurality of frames by analyzing at least

one frequency tone field of the frame,

wherein a frequency tone field of a frame comprises a randomly selected complex

tone, and

wherein the analyzing comprises:

determining a complex tone power by performing a fast Fourier transform on the
frequency tone field;

calculating a noise power; and

determining a signal to noise ratio of the complex tone power to the noise power.

11.  The method of claim 7, wherein calculating a carrier frequency offset value

for a frame comprises analyzing two frequency tone fields of the frame.

12.  The method of claim 10, further comprising:

computing channel state information for each node by analyzing channel state
information fields of the plurality ot frames,

wherein each frame includes a channel state information field corresponding to each
node, and

wherein the analyzing channel state information fields includes performing a fast

Fourier transform.

13. The method of claim 12, further comprising analyzing a data field of the

frame.
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