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ABSTRACT

Design of Prototyping Platforms for Multiple Antenna
Wireless Communications

by

Patrick O. Murphy

As the demand for higher performance wireless communications continues to grow,
novel algorithms have been developed which provide increased performance and effi-
ciency. One such class of algorithms involves the use of multiple antennas on either
end of a wireless link. Many of these multiple input multiple output (MIMO) algo-
rithms offer impressive performance gains over their single antenna counterparts. The
practicality of implementing such algorithms in a real system, however, has received
far less attention. A primary reason for this is the scarcity of hardware platforms suit-
able for implementing and evaluating complex wireless communications algorithms.
We present in this thesis two such platforms designed specifically to fill this void.
The first platform is constructed from commercial off the shelf hardware, includ-
ing equipment for baseband processing, RF up/downconversion and wireless channel
emulation. The second, more ambitious platform, is built from custom hardware

designed specifically for flexible MIMO prototyping.
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Chapter 1
Introduction

As the demand for higher performance wireless communications continues to grow,
novel algorithms have been developed which provide increased performance and effi-
ciency. One such class of algorithms involves the use of multiple antennas on either
end of a wireless link. Many of these multiple input multiple output (MIMO) algo-
rithms offer impressive performance gains over their single antenna counterparts.

While the development of MIMO algorithms has received substantial attention
by the research community, much less time has been spent studying the practicality
of implementing such algorithms and evaluating their real-world performance. This
neglect is due largely to the substantial processing resources required to implement
wideband MIMO algorithms in real-time. Outside of corporate research labs, very
few testbeds exist which provide processing resources of sufficient size and flexibility
to develop, prototype and evaluate MIMO algorithms.

The need for platforms for prototyping wireless communications sytems is not
new. A variety of other testbeds have been constructed in recent years for exploring
multiple-antenna algorithms. Two of these testbeds are briefly described here to
provide some background on our motivations for constructing our own.

One such testbed was designed at the University of Texas’ Wireless Network and



Communications group(l, 2]. This testbed is built entirely from commercial off-the-
shelf hardware, mostly from National Instruments. It provides resources for half-
duplex operation at RF up to 2.7 GHz with two transmit and two receive anten-
nas. Embedded PCs are used for baseband processing with algorithms implemented
in LabVIEW. Processing and memory limitations prevent real-time operation; data
bursts are limited to around 200ms in length with each burst requiring four seconds of
processing at the receiver. This duty cycle permits fairly long transmissions (relative
to packet sizes in wireless LAN standards), but clearly falls far short of real-time.

Another testbed was built at UCLA and has been used to implement and evaluate
a wide variety of MIMO algorithms|3]. This testbed supports up to three transmit
and four receive antennas. It operates in real-time at an RF of 220 MHz with a
bandwidth of 4kHz. The testbed hardware is a combination of custom RF hardware
and commercial equipment for baseband processing. This testbed has been used to
evaluate the performance of a large number of space-time algorithms in real wireless
environments[4].

Each of these testbeds, and others like them, provide some of the resources we
view as necessary for prototyping wideband MIMO algorithms. Neither one, nor any
other testbed we could find, addresses all of the requirements we identified for highly
flexible, real-time, wideband MIMO prototyping. This thesis presents two testbeds

designed to address all of these needs. The first testbed, discussed in chapter 2 was



constructed first and is built entirely from commercial off-the-shelf hardware. The
second testbed, discussed in chapter 3, consists entirely of custom hardware designed
as part of the Transit Access Point project[5, 6]. The design, hardware choices,

capabilities and application examples for both testbeds are described in detail.



Chapter 2
Off-the-shelf MIMO Testbed

2.1 Introduction

We present in this chapter a testbed designed for the development, implementation
and evaluation of MIMO wireless algorithms. In the interest of building the testbed
rapidly, it is constructed entirely from commercial off-the-shelf hardware. The testbed
provides hardware for baseband processing, up and downconversion to RF and em-
ulation of multiple wireless channels. It was designed to provide sufficient flexibility
to implement a wide range of algorithms while preserving the ability to evaluate an
algorithm’s resource and power requirements for real-time operation. The testbed
hardware and configuration options are discussed here, along with a demonstration

of its functionality.

2.2 Testbed Design

The testbed consists of hardware which performs three major functions: baseband
processing, conversion to and from radio frequencies and emulation of realistic wireless

channels. The components we chose to fill each role are discussed below.

2.2.1 Baseband Hardware

One of the major challenges in designing a testbed capable of real-time wideband

wireless communication is choosing baseband hardware. We first identified the ma-



jor requirements the baseband hardware must meet. First, it must possess sufficient
processing power to implement a wide variety of complex algorithms. Reliable wire-
less communication alone is a computationally intensive task; the added complexity
of multiple transmit and receive antennas significantly increases the computational
requirements. The hardware must also allow reliable measurement of resource uti-
lization and power consumption on a per-algorithm basis. This is an important
requirement as the computational requirements of a particular algorithm play a large
role in gauging its suitability for real-world use.

We found early on that of all the options for baseband processing, FPGAs provided
the greatest flexibility in algorithm design and visibility of resource utilization. We
acknowledge that FPGAs may not be ideal for deployment in large scale wireless
systems. They are, however, very well suited for use in a rapid prototyping and
research environment such as this testbed.

We decided on FPGA-based development systems designed by Nallatech of Glas-
gow, Scotland as the baseband processing platform. As shown in Figure 2.1, each
board houses a multi-million gate Xilinx Virtex-II FPGA and two channels each
of analog-to-digital and digital-to-analog conversion. The board’s ADCs and DACs
are fast enough to connect directly to the intermediate frequency interfaces on the
testbed’s RF hardware. These connections allow each board to potentially act as a

dual-antenna transceiver. Each board also contains a smaller FPGA dedicated to



providing clocks to the larger FPGA and the external analog interfaces. This feature
provides a great deal of flexibility in connecting to hardware from different designers
with various interface requirements. Finally, the Nallatech board is also a PCI card,
providing a high throughput connection over which a host PC can provide and receive

data and monitor system performance.

IF In

Virtex-ll FPGA

IF Out

Figure 2.1 FPGA-based processing board

2.2.2 RF Hardware

This testbed is designed for wideband wireless communication in the 2.4 GHz
ISM band. The RF hardware must not be tied to any particular standard and must
have intermediate frequencies within the sampling capability of the FPGA baseband
platform. We also desired control over the synchronization of the frequency trans-
lation stages of the radios. Such control allows variation in the carrier frequency
offsets between antennas and will prove useful in characterizing the performance of
multi-antenna carrier recovery schemes. It also allows offsets between the carriers of

multiple transmit or receive antennas to be eliminated entirely, a useful option when



testing algorithms lacking carrier recovery systems.

We decided on 2.4 GHz RF hardware from National Instruments. NI has only
recently ventured into the RF hardware market, but we found that their hardware
fit the needs of the testbed very well. These devices operate with an intermediate
frequency of just 15 MHz, easily within range of the FPGA baseband’s sampling
capabilities. They also support signal bandwidths up to 20 MHz, accommodating a
large variety of wideband schemes.

In order to maximize flexibility in choosing multiple antenna configurations, the
testbed also uses a number of RF multiplexers. These devices form the intercon-
nect between the RF transceivers and the channel emulators, described in section
2.2.3. The multiplexers allow most configurations to be implemented programmati-
cally without any changes to the equipment’s physical connections. This both mini-
mizes the risk of damage to the equipment and allows for a great deal of automation

in switching between interconnection configurations.

2.2.3 Wireless Channel Emulation

Another significant challenge in designing this wireless testbed was identifying
some means by which we could provide a realistic wireless channel in a laboratory
setting. We required the ability to simulate a wide variety of channel conditions,
including fading, multi-path effects and delay spread. We also needed to assure

repeatability of experimental conditions, a virtually impossible requirement when



using real wireless channels.
To fill this need, we chose RF channel emulators from Spirent Communications.
Each device is capable of emulating two wireless channels, each with six independently

configured paths. Figure 2.2 illustrates the capabilities of each emulated wireless

channel.
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Figure 2.3 Testbed connectivity for half-duplex testing

The emulator can apply one of many fading models, including Rayleigh, Rician

and Nakagami, plus programmed delay and attenuation to each path. This flexibility



allows the emulation of a large number of realistic line-of-sight and multi-path envi-
ronments. The emulator can also introduce arbitrary frequency shifts to each path,
providing a reliable means by which to simulate the Doppler effects of various mobile
scenarios.

The testbed currently houses three such emulators, providing a total of six inde-
pendent emulated channels. This fairly large number of channels provides significant
flexibility in designing test configurations. In terms of transmit-to-receive antennas,
the testbed can implement half-duplex systems of 6-to-1, 3-to-2, 2-to-3, 1-to-6 or any
smaller configuration requiring six or fewer channels. Figure 2.3 illustrates the full

connectivity for multiple-antenna half-duplex testing.

2.3 Application Example: Alamouti Space Time Block Code

Alamouti’s transmit diversity scheme was the first example of a space-time code
which requires only linear processing at the receiver. Previous space-time coding
schemes used trellis based processing. While they provided substantial gains in a
wireless communications system, these trellis-based coding schemes were much more
complicated to implement than the scheme proposed by Alamouti. This lower com-
plexity makes Alamouti’s scheme an ideal candidate for real-world implementation.

The simplest case of Alamouti’s scheme utilizes two transmit antennas and one
receive antenna. Alamouti included a generalization of his scheme to an arbitrary

number of receive antennas, and others later extended his work to include an arbitrary
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number of transmit antennas [7]. While we present an implementation of the 2-to-1
scheme here, many of the challenges we faced and the solutions we devised would be
applicable in more complex systems.

The remainder of this chapter is organized as follows. Section 2.3.1 describes some
of the general challenges in implementing a multiple-antenna communications system
in real hardware. Section 2.3.2 discusses in detail the development and design of the
system. Finally, the verification of the full system using the testbed equipment is

described in Section 2.3.3.

2.3.1 Implementation Challenges
Transmitter

The inclusion of an Alamouti encoder in a transmitter design does not significantly
increase its complexity. In fact, the hardware realization differs very little from the
implementation of two standard wireless transmitters. The only operation the Alam-
outi encoder performs on modulated symbols is the negation of either the real or
imaginary part of a symbol. For most constellations, this processes is analogous to
mapping one symbol to another valid symbol. The output of the encoding process
is two streams of modulated symbols. Each stream can be fed to identical transmit

chains each driving a separate antenna.
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Receiver

The implementation of an Alamouti receiver is somewhat more challenging. Some
of these challenges stem from assumptions made in the original development of this
space-time coding scheme. First, the receiver is assumed to have perfect knowledge
of every channel between its antennas and those of the transmitter. Such perfect
channel knowledge is often assumed in the process of developing wireless algorithms
but is rarely available in practice. As a result, an Alamouti receiver must include
some mechanism for channel estimation. Further, this coding scheme requires that
the channels remain static for the entire duration of two symbol transmissions. This
is a fair assumption in some wireless scenarios but is unlikely in many others. Finally,
even if the channel conditions change only every other symbol period, it is difficult
for the receiver to have knowledge of the changes at such a rate.

Another challenge in implementing the receiver is compensating for carrier fre-
quency offsets. This is a well understood problem in single antenna systems, and
many schemes have been developed to deal with such offsets. In a multiple antenna
system, however, carrier offset recovery can be much more complicated. First, many
carrier recovery schemes are built around phase detectors which estimate the differ-
ence in phase between a received signal and a valid modulation symbol. This approach
breaks down in the case of transmit diversity systems as multiple symbols arrive at

the receiver simultaneously, significantly increasing the number of valid received sym-
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bols. As a result, the carrier recovery system must detect phase errors relative to this
expanded set of received symbols. The carrier recovery scheme must also compensate
for the potential ambiguity resulting from the system locking to the phases of any of
the valid received symbols.

A final challenge in the receiver not described in Alamouti’s original paper[8] is
the recovery of symbol timing. The receiver must determine the frequency and phase
of the transmitter’s symbol clock based only on the received signal. Like carrier
recovery, this is a well understood problem in the single antenna case. Fortunately,
most of these approaches are applicable in the case of multiple antennas as well.
One complication not addressed by single antenna timing recovery schemes is the
potential for different delays experienced by signals traversing separate channels from
independent transmit antennas to the same receiver. Rather than modify the timing
recovery system to address this, the difference in delays can be modeled as a phase

offset imposed by the channel and dealt with in the process of channel estimation.

2.3.2 Implementation Results

As described above, the implementation of a transmitter with Alamouti encod-
ing does not present any significant challenges. The transmitter combines differ-
entially encoded QPSK modulation with Alamouti encoding. This system outputs
two streams of symbols which are fed to identical transmit chains. Each transmit

chain includes a raised cosine pulse shaping filter, upsampling and upconversion to
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an intermediate frequency of 25 MHz. This IF was chosen for compatibility with
the National Instruments NI5610 RF Upconverter, the transmit radio we chose for
testing the system.

The transmitter design was targeted to a three million gate Xilinx Virtex-11 FPGA.
The design consumes about 20% of the logic resources in the FPGA and runs with a
system clock of 100 MHz. It should be noted that there are variety of optimizations
that could significantly reduce the resource requirements of the transmitter design
and that 20% of a three million gate FPGA should be considered an upper bound. A

block diagram of the transmitter is shown in Figure 2.4.

Figure 2.4
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The implementation of an Alamouti receiver was far more challenging. The re-
ceiver was designed to interface to an NI5600 RF Downconverter, the device used to
translate down from RF to an IF of 15 MHz. Samples of this signal are fed to the
FPGA at 60 MHz. The FPGA implements a quadrature downconverter to convert
the received signal to baseband. This signal is then downsampled to two samples per
symbol and fed to the remaining receiver logic. A block diagram of the complete re-

ceiver is shown in Figure 2.5. The functionality and design of each block is described

below.
w0} LU ! |
50°0 00 0-0
s1i [N il
£1_0 nilg—rno o
Decoding OO &n
chan
"
T Sy SN b1 Ot
sy Timinghd) Vanadle 1202 —
Datay ‘Pp{chan i
- Puise chan_0 4
}' $haping Phase Det
a“ {
deo Sel
System o’ R 14—
Generator ;J’“‘“
BER1 p re gy CR_C [g—
—1 it Frase Lo
ase Lo
ot o <o BIg) Coitoisen
RO £ e CHD
edge dett

Figure 2.5 System Generator model of Alamouti receiver



15

Symbol Timing Recovery

The first receiver block following downsampling is a system for recovering symbol
timing as described above. This system must choose the optimal time to sample the
incoming symbol stream based only on a local estimate to the transmitter’s symbol
clock and the received data itself. The FPGA cannot modify the frequency of the
oscillator providing its clock signal, so any offset relative to the transmitter’s clock
must be addressed digitally in the FPGA itself.

We chose to use the symbol timing recovery scheme described in [9]. Specifically,
the system utilizes an eight branch interpolating polyphase matched filter. Each of
the branches represents a different delay ranging from 0 to 7/8 of a sample period.
For each received sample, the timing recovery system must decide which of the eight
branches provides the best estimate of the transmitted symbol. This decision is
based on an error value calculated by a second polyphase structure implementing the
derivative of the matched filter. The optimal sampling time is derived by choosing
the polyphase branch which minimizes the magnitude of the derivative filter’s output.
The details of this approach are discussed in [9] and [10].

The primary reason we chose the timing recovery scheme based on a polyphase
filter is the efficiency with which it can be realized in hardware. Most illustrations of
this scheme show discrete filter blocks for each polyphase branch. In practice, only

one of these branches is used during any one sample period. As a result, the entire
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polyphase filter can be implemented using a single filter block whose coefficients are
reloaded in response to changes in the desired polyphase branch. The only complica-
tion to this approach is the requirement that the coefficients be reloaded fast enough
that a stream of samples can be processed without interruption.

The receiver implements these filters using multiply-accumulate structures. Each
filter uses a single multiplier, accumulator and memory block for coefficient storage.
Each polyphase branch has eight filter taps, requiring the filter block to run at eight
times the input sample rate. With each input sample, the timing recovery control
logic specifies which of eight sets of coefficients should be used to process it. The
coefficients for all eight sets are stored in the memory block, so the task of reloading
coefficients becomes the much simpler one of indexing into the memory. This approach
eliminates any latency in switching branches.

Once the timing recovery system has locked and is tracking the frequency and
phase of the transmitter’s clock, it will eventually traverse all eight branches of the
polyphase matched filter. When the polyphase branch index rolls over from seven to
zero (or zero to seven, depending on the sign of the frequency offset), it has effectively
repeated or skipped an input sample. Many receiver designs operate at N samples
per symbol to accommodate some algorithms, frequently equalizers, which require
the extra information. Eventually the receiver must choose which of the multiple

samples to use for detection and decoding. This selection process is complicated



17

by this stuffing or skipping of samples as it must account for the missing or extra
sample. Further, every N* skipping or stuffing of a sample effectively ignores or
repeats a symbol. This complicates the Alamouti decoding process as it expects to
operate in parallel on a pair of symbols received in series, and the elimination or
repetition of a symbol upsets this paring.

The receiver, which operates at two samples per symbol, includes logic to detect
when the polyphase branch index rolls over. With each roll over, this logic directs
the downstream sample selector to swap its parity. With every other roll over, the
Alamouti decoder is directed to jump forward or back one symbol in order to keep
transmitted symbol pairs together. This process inevitably introduces errors to the
received bits, either by repeating bits or skipping them altogether. Fortunately, this
happens with such infrequency that its effects are minimal. With separate FPGAs
implementing the transmitter and receiver, each driven by an independent 60 MHz
oscillator, we observed the stuffing or skipping of symbols no more frequently than

four times per second, or once per million transmitted symbols.

Carrier Recovery

The next major function performed by the receiver is to compensate for an offset
in the carrier frequencies at the transmitter and receiver. We assume that the carriers
from the two transmit antennas have exactly the same frequency and are in perfect

phase at the transmitter. In real hardware, this assumption translates to multiple
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radios sharing a common reference clock. Fortunately, this is realistic in most systems,
including the one in which we tested this design. Given this assumption, the receiver
needs to compensate for just the offset between the transmitted carrier and the local
estimate used for downconversion.

Like timing recovery, carrier recovery is a well studied problem in single antenna
systems. As discussed above, the use of multiple transmit antennas complicates the
process somewhat. The system uses two transmit antennas and QPSK modulation.
As a result, the receiver must recognize one of nine valid sums of two QPSK symbols.
Eight of these valid sums are non-zero, meaning the carrier recovery system must

measure the phase error to one of eight valid phases.

=)
v

Phase Error

P

Figure 2.6  Carrier recovery phase error estimation function

The most obvious method for measuring this phase error is to calculate the arct-
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angent of the received symbol. While the CORDIC algorithm provides a method to
implement such a function in hardware, such implementations tend to be resource in-
tensive and suffer high latencies in computing results. Instead, we extended the must
simpler phase error estimator used in a Costas loop to accommodate the expanded
selection of valid phases the receiver must recognize. This new detector calculates
a value proportional to both the phase error of a received symbol and the symbol’s
magnitude. This latter proportionality is important because of the potential for the
transmitter to send two symbols which sum to zero. In this case, the only value seen
at the receiver will be noise. Any phase error estimate in this case should not be
allowed to significantly impact the carrier recovery process. A plot of the function
which the phase error estimator implements is shown in Figure 2.6.

The output of this new phase detector feeds a standard 2nd order loop filter which
can track both phase and frequency offsets. The output of the loop filter is used to
adjust the phase increment of the front-end IF downconverter, eliminating the need
for a second digital synthesizer and complex multiplier. This carrier recovery scheme
will lock to one of eight phases, offset from the transmitted phase by a multiple of
7. The orientations which are rotated a multiple of 7 will produce constellations
identical to the case of no phase difference. These four orientations will produce

symbols which, by means of differential encoding, can be successfully decoded and

demodulated. The remaining four orientations, each offset 7 from one of the previous
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four, will produce a constellation which appears rotated 7 from the valid nine point
constellation resulting from two transmitted QPSK symbols. Symbols received in this
orientation cannot be successfully decoded and demodulated. Instead, the receiver
detects whether it has locked in one of these states and forces a 7 rotation of its phase
lock.

Parts of this carrier recovery scheme would break down in cases where higher
order modulation or additional transmit antennas were used. In such cases, the
direct calculation of the received symbol’s phase by means of a CORDIC arctangent
would likely be justified. Alternatively, a frequency-locked loop could be used at the
receiver’s front end to eliminate an offset in carrier frequency, but not phase. Because
such loops are not data-driven, they can be designed independent of modulation
schemes or the number of antennas at the transmitter. The receiver would then only

need to compensate for a nearly constant phase offset.

Channel Estimation

The next block in the design is channel estimation. Alamouti’s original algorithm
assumed the receiver had perfect knowledge of the channels to each transmit antenna.
In reality, the receiver can only estimate the channel conditions. While there has been
a great deal of work in designing advanced channel estimation algorithms, we chose to
implement a fairly simple scheme in the first revision. The receiver relies on a periodic

training sequence that must be inserted into the symbol stream at the transmitter.
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The receiver detects this training sequence and correlates the received version against
a local copy. This correlation process provides estimates of both channels; these
estimates are then used to weight the received symbols and decode the transmitted
data.

The channel estimator must listen for the expected training sequence and for one
in which the order of symbols in each pair are swapped. This swapping results from

the potential ambiguity introduced by the carrier recovery system. If the system locks

nm

5 out of phase from the transmitter, the order of decoded symbols will be effectively

swapped. The channel estimator must detect either the standard or swapped training
sequence and include the necessary correction factor in the channel coefficients it

provides to the decoder.

Decoding & Demodulation

Given two received symbols and estimates of both channels, the Alamouti decoding
process is actually very simple. It produces output symbols by using the channel
estimates as weights in combining the received symbols. The only complication is
the required compensation for skipped or repeated symbols resulting from the timing
synchronization process. This compensation is implemented as a three stage shift
register which stores incoming symbols. The decoder nominally uses the value stored
in the second register but can switch to either the first or third stage as directed by

the timing recovery system. This switching allows the decoder to stay aligned to the
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proper symbol pairing as produced by the transmitter.

The output of the Alamouti decoder is a pair of symbols which began as valid
QPSK constellation points. The demodulator first implements the inverse of the
transmitter’s differential encoding, then demodulates the data by simply thresholding

the real and imaginary parts of the complex symbols.

Resource Consumption

The receiver was also implemented in an XC2V3000 FPGA. The full receiver
requires just 25% of the logic resources in the FPGA and runs at 60 MHz. At this

clock frequency, the receiver achieves a throughput of 7.5 Mb/s.

2.3.3 Verification

Both the transmitter and receiver designs have been synthesized and tested in
FPGA hardware. In order to test their functionality, we used the models to establish
an end-to-end wireless link. The hardware used for this verification is part of the
multiple antenna wireless testbed described in [11]. This tested consists of FPGA
hardware for implementing baseband algorithms, wideband radio hardware for trans-
lation to RF and channel emulators for simulating various wireless channel conditions.
All stages of the testbed are designed to operate in real-time, allowing the design and
evaluation of high-throughput, wideband communications schemes.

The FPGA resource utilization for the two models are discussed above. We were
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able to establish a connection with a sustained throughput of 7.5 Mb/s operating at
2.4 GHz. Separate FPGA boards were used for the transmitter and receiver, and no
connections existed between the boards aside from the wireless link. With no common
reference clock, there was a definite offset in the symbol timing and generated carriers
between the two systems. This offset allowed the verification of the synchronization

and carrier recovery loops, both of which locked and tracked for extended periods.



Chapter 3
Transit Access Point Platform

3.1 Introduction

This chapter presents the custom hardware platform designed for the transit ac-
cess points project. The objective of the TAPs project is to design, analyze, prototype
and experimentally study the theoretical underpinnings for a wireless internet that si-
multaneously achieves deployability, scalability, high performance and a cost-effective
model. A core building block will be what we call wireless transit access points. A
transit access point is a wireless base station with two major features. First, like any
standard base station, it provides wireless data services to mobile users. Second, and
more importantly, a TAP is capable of high speed wireless links to other TAPs. These
connections utilize multiple antennas at each end to dramatically increase the spec-
tral efficiency and throughput of the link. Such TAP-to-TAP links are designed to
supplement, or even replace, the wired network infrastructure usually required when
deploying wireless data systems.

The ambitious goals of the TAPs project impose certian requirements on the hard-
ware design. These requirements, discussed in the next section, motivated nearly all
the design decisions as described in sections 3.3 and 3.4. And although the hardware
was designed to prototype and deploy the algorithmic underpinnings of the TAPs

project, the platform is flexible and capable enough for use in a wide variety of ap-
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plications. A few such applications are discussed in section 3.5.

3.2 Platform Requirements

The design of a TAP must support its use in a variety of situations in which it
must provide a variety of services. This is clear in the network illustrated in Figure
3.1. In this example, most TAPs provide connectivity to mobile users in its vicinity.
Some TAPs rely on high-speed wireless links for their own connectivity (B & C, for
example). Other TAPs have wired connections to a larger network infrastructure (A &
D) but must share this connectivity with non-wired TAPs. Finally, some TAPs must
act as wireless routers (C'), providing network connectivity by multi-hop networking
to other access points which cannot directly communicate with a wired node. The

hardware design of a TAP must provide all of these capabilities.

Figure 3.1 Example transit access point network
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3.2.1 Wireless Interfaces

One of the fundamental premises of the TAP design is its being equipped with
multiple radios and antennas which can be used in unison for spectrally efficient links
at very high data rates. This requires that the hardware design provide a means
for multiple radios to be driven by a common baseband processor. Further, the
physical layer design for TAP-to-TAP links will be entirely custom and will likely not
be interoperable with any existing system. Thus, a TAP’s radios must be capable
of wideband operation in order to support the spectral requirements of these high
throughput links but cannot not be tied to any particular standard.

Another requirement imposed by the capabilities described above is the need for
multiple air interfaces. An air interface is defined here as the logical abstraction of
multiple radios and antennas which act together to communicate over a single link.
The number of air interfaces required will vary depending on what services a particular
TAP is expected to provide. For example, a TAP which provides connectivity to
mobile users and uses a high speed wireless link for its own network connection would
need at least two interfaces. A TAP at the core of a network which shares its wired

network connection with many other non-wired nodes would need many more.
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3.2.2 Processing Resources

The other fundamental requirement of the TAP hardware is the need for sufficient
processing power to implement advanced multiple antenna wireless communications
algorithms. This requirement poses a kind of cart-before-the-horse problem in that
many of these algorithms are still being researched. This is especially true for TAP-to-
TAP links, whose physical layer design has only recently been started. Consequently,
the TAP hardware design should provide as much processing power in as flexible way
as possible. Further, it should support some means of supplementing these processing

resources should the base design prove insufficient.

3.2.3 Flexibility

A final requirement of the TAP platform is flexibility. This requirement is imposed
by the wide variety of scenarios in which a TAP must operate. This is well illustrated
in the example TAP network shown in Figure 3.1. In this example, only a few
TAPs have wired network connections. Some TAPs act as routers for neighboring
access points while others provide access only to mobile users. Finally, some TAPs
utilize multiple TAP-to-TAP links while others require just one. Clearly the TAP
platform must be very flexible, able to provide whichever capabilities are required at

a particular node in the network.
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3.3 High-level Design Decisions
3.3.1 Custom Hardware

One of the earliest and most basic decisions was the choice to design custom
hardware for all the major components of the platform. This may seem an odd
decision, given the existence of the earlier MIMO testbed described in chapter 2.
However, in the early stages of defining the requirements of the TAP platform, it
became clear that neither the earlier testbed nor any commercial platform we knew to
exist would be suitable. The TAP platform requires substantial baseband processing
resources which are tightly coupled with multiple radios, repliacted many times to
form a TAP network. The bulk, cost and limited extensibility of the original testbed
equipment meant it simply could not be used to construct TAPs.

The primary drawback to the custom hardware approach is the enormity of the de-
sign effort. We had never attempted to design boards as complex as the two described
later in this chapter. However, it was clear that the benefits of a design customized

to the exact needs of the TAP platform justified the effort and risk involved.

3.3.2 Core Components

As mentioned above, the TAP baseband algorithms are not yet defined. Ded-
icated baseband processors are available for a wide variety of wireless networking
standards, but such devices are not suitable for implementing the custom algorithms

in a TAP. The device that provides the baseband processing must therefore be very
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flexible. Further, these baseband algorithms are expected to be very complex, re-
quiring significant processing resources. The baseband processor must be tailored to
the DSP-intensive operations, such as filtering and correlation, which are common in
communications algorithms. Finally, the processor must be capable of highly parallel
operation in order to realize the bandwidth and throughput goals for a TAP.

Next, the TAP baseband processor connects to multiple radios, each of which
communicates via a wideband analog interface. Once digitized, each analog interface
will require a high throughput, high precision, digital connection to the baseband
processor. Consider a TAP’s baseband processor controling four radios and each
radio has a analog complex baseband interface (e.g. separate I/Q) analog signals)
with a bandwidth of 20 MHz. The resulting sustained throughput requirements for
the baseband processor exceed 300 MB/s in each direction. This is a substantial
requirement, generally exceeding the capabilities of processors whose primary off-chip
interfaces are standard memory busses.

It became clear very early in the design process that FPGAs were the only devices
which could practically meet all of these requirements. Large FPGAs provide tremen-
dous amounts of processing power, all of which, by definition, operates in parallel.
All of an FPGAs interfaces to external devices also operate in parallel, significantly
easing the aggregate throughput requirement discussed above. FPGAs are also ex-

tremely well suited for DSP-intensive operations. For example, large devices include
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more than 300 dedicated multiplier blocks, all of which can be used simultaneously.
Once FPGAs were chosen as the baseband processor, a radio had to be selected.
Two options were considered here. First, it would be possible to design a radio from
discrete components, implementing all of the necessary mixing, filtering and amplifi-
cation in a custom circuit. Such a design would provide a completely generic analog
interface and could be tailored to the desired bandwidth and radio frequency specifi-
cations. Unfortunately, the design of such a system is a very challenging undertaking
which falls well outside the expertise of anyone involved with this project. Instead, a
third-party radio transceiver was identified which meets the TAP radio requirements,

the specifications of which are discussed below.

3.3.3 Hardware Partitioning

A final high-level design decision involves the partitioning of a TAP into multiple
boards. In general, a TAP will have a minimum of three air interfaces, each equipped
with four radios. Some TAPs will also have wired network connections in addition
to their wireless interfaces. Assuming each wireless interface will require at least one
FPGA, a TAP will consist of at least three large FPGAs plus 12 radios. Designing a
single board with all of these components would be risky and very expensive. Instead,
a TAP’s functionality is divided across three boards. The first is a simple radio board,
containing a single RF transceiver and the necessary analog-digital conversion. The

second board hosts the large baseband FPGA and has slots for four radio boards. This
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board provides the TAP with a single air interface. Finally, a third board contains
a smaller FPGA with a wired network interface. This division of hardware seems
natural but poses the significant problem of designing some means to interconnect
the boards. The wireless interfaces in a TAP will need to communicate with both
the wired and other wireless interfaces. Given the high data rates these interfaces
are expected to support, this board-to-board communication must be fast and have
low latency. Further, an average TAP will consist of four boards, each of which must
be able to communicate with every other. As more boards are added to a TAP (e.g.
should additional wireless interfaces be required), this problem of interconnection
becomes substantially more complicated.

A possible solution for the board-to-board interconnect is a traditional backplane
architecture where each board connects to a common, parallel bus. There are a
wide variety of standards for such busses, including the various flavors of PCI, which
are easily implemented in an FPGA. The problems which plague such architectures,
however, would prove especially troublesome in a TAP. For example, the maximum
number of boards which can access the bus must be pre-defined when designing
the backplane. Additionally, because boards are connected in parallel, they must
contend for bus resources. In the worst case, a pair of boards could monopolize the
bus, severely limiting the rate at which any other boards could communicate. Finally,

the maximum communication rate in most parallel busses is simply too slow for the
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high-throughput connections which are required between boards in a TAP.

The solution which was selected for this design is, in many ways, the exact opposite
of the bus architecture described above. Instead of having a connections to a common
backplane, every board in a TAP is directly connected to every other. This point-to-
point topology enables communication between any pair of boards regardless of what
resources any other boards are consuming. A fully-interconnected design, however,
somewhat complicates the architecture of a TAP. Each board must be equipped with a
dedicated connection for every other board in a TAP. Adding a new wireless interface,
for example, would consume an additional connection on every existing board. At
first a glance, it seems problematic that the resource requirements increase with the
number of boards in a TAP. However, if each board could be efficiently equipped
with a large number of identical, high speed connections, this architecture is justified.
Fortunately, this requirement is easily met in the TAP design, as detailed in the

discussion of component selection below.

3.4 Hardware Design

This section discusses the low-level hardware design of the TAP platform. The
actual design includes a large number of parts, including analog converters, memory
and power regulators. Rather than list all the various parts and their individual
functions here, the full schematics are included in Appendix A and are available

online [12]. Instead, the primary components and key design features of each of the
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three TAP boards are discussed.

3.4.1 Wireless Interface Board

Figure 3.2 shows a block diagram of the TAP wireless interface board. Each of its

major features is discussed in detail below.

Figure 3.2 TAP wireless interface board

FPGA

The most important component on the board is the FPGA. The choice of this
FPGA for baseband processing is actually fairly straightforward. As described above,
this design must provide sufficient resources to implement baseband algorithms which,
though not yet defined, are expected to be very complex. As a result, the chosen
FPGA should be as large as is reasonably possible. The most advanced FPGAs

available at the time of this design are those in Xilinx’s Virtex-II Pro line [13]. The
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part chosen for the TAP baseband processor is the XC2VP70, the second-largest
FPGA in the Virtex-II Pro family.

Table 3.1 summarizes the resources provided by the TAP baseband FPGA. It
also lists the resources for a slightly less capable chip, the XC2VP50. This FPGA is
pin-compatible with the larger chip; either can be mounted on the wireless interface

board as the TAP baseband processor.

y | XC2VP50 | XC2VPT0 |

User 1/0 852 964
Gates ~5 million | ~7 million
Integrated RAM 4.2 Mb 5.9Mb
18x18 Multipliers 232 328
PowerPC Cores 2
Rocket 1/0 16
Price Each ~US$1700 | ~US$2500

Table 3.1 TAP baseband FPGA resources

In addition to providing generous logic resources, the Virtex-II Pro baseband
FPGA includes a number of additional features which will be critical in the operation
of a TAP. The first is the inclusion of multiple PowerPC cores embedded in the logic
of the FPGA. These cores are full 32-bit RISC processors whose external interfaces
are tied to the device’s programmable logic fabric. The TAP baseband FPGA has
two such cores which operate independently. These cores are meant to compliment

the operation of the FPGA by providing a means to execute pre-existing software
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code or to perform other processing which is not well suited for implementation in
general logic. It is even possible to run a full operating system in one of the processor
cores. Xilinx provides a version of Linux which will boot in the embedded PowerPC
and can interact with the custom design implemented in the surrounding logic. This
offers the interesting possibility of a TAP being, in essence, a PC with many wireless
network interfaces. This abstraction could prove very useful when it comes time to

implement higher-layer protocols (MAC, routing, etc.) in a TAP.

Multi-gigabit Transceivers

Another feature of Virtex-II Pro FPGAs which is key to the TAP architecture
is RocketlO, Xilinx’s name for its high-speed serial transceiver technology. These
transceivers, generically known as MGTs (multi-gigabit transceivers), enable very
high throughput, full duplex connections for chip-to-chip or board-to-board commu-
nication. Each transceiver is capable of communicating at 3.125 Gb/s over a four wire
serial link. Multiple transceivers can be bonded together to achieve even faster aggre-
gate throughput. The TAP baseband FPGA is equipped with 16 such transceivers,
providing significant resources for off-chip communications. Eight MGTs are wired
to off-board connectors on the wireless interface board, allowing up to eight boards
to be fully interconnected with multi-gigabit point-to-point links when constructing a
TAP. These eight MGTs are terminated with Infiniband-keyed HSSDC2 jacks. These

jacks are a standard high-speed serial connector, allowing the use of commercially
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available cables for connecting TAP boards.

Daughtercard Slots

The wireless interface board has four daughtercard slots. FEach slot uses two
high density, low profile connectors providing a total of 124 digital signals routed
to dedicated pins on the FPGA. Each slot is routed to a separate I/O bank on the
FPGA, facilitating the efficient allocation of logic resources to each card. In a TAP
these slots will be occupied by radio boards (see section 3.4.2). However any board
designed with the same interface can fit in these slots. This provides tremendous
flexibility in connecting other peripherals and interfaces to the FPGA. One such

board, providing fast Ethernet, USB and serial interfaces, has already been designed.

FPGA Configuration

FPGAs store their configuration in volatile memory which requires it be down-
loaded every time power is cycled. Further, the FPGA is not active during this
download, so the configuration file must be downloaded on startup as quickly as pos-
sible. The size of the configuration file grows with the logic resources provided by an
FPGA. For the XC2VP70, this configuration file requires 3.2MB of storage. Thus,
the TAP configuration system must provide both high-speed, automatic programming
and high storage density for configuration files.

A configuration solution which addresses all of these needs was designed using the
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CompactFlash b Xilinx System ACE » JT/,*G > FPGA
Slot CompactFlash 2

28
Microprocéssor Interface

Figure 3.3 TAP FPGA configuration system

Xilinx System ACE CompactFlash chip. This chip is intended specifically for systems
requiring rapid in-system configuration and high storage density for configuration files.
It has three primary interfaces as shown in Figure 3.3. First, it connects to a standard
CompactFlash slot, accommodating the same removable flash cards which are widely
available for use in consumer electronics. The CompactFlash card is loaded with
configuration files on a PC which, when plugged into the board, are downloaded to
the FPGA by the System Ace chip. This download occurs over the System Ace’s
second interface, a standard JTAG port for target devices. The third interface is
a standard microprocessor memory bus between the FPGA and System ACE chip.
This interface allows the FPGA to access registers in the System Ace to monitor
status or trigger re-configuration. More importantly, this interface provides the FPGA
read/write access to the CompactFlash card. This enables two important features.
First, the FPGA can overwrite or add new configuration files received over one of its
network interfaces, then trigger re-configuration using the new file. In other words, a
TAP can be reprogrammed remotely without any physical access. Second, the FPGA

can use empty space on the flash card to store any information it requires between
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power cycles. This includes both board-specific parameters, like MAC addresses and
serial numbers, and state information like log files. The CompactFlash card can be
removed without interrupting the FPGA, allowing a card filled with log files to be
swapped for an empty one on the fly.

The FPGA’s JTAG interface can be isolated from the System ACE by removing
four jumpers. This is intended to facilitate both hardware debugging and the creation
of one long JTAG chain containing every FPGA in a multi-board TAP. When these
jumpers are replaced with cables connecting the boards’ JTAG chains together, a
single System ACE will be able to configure every FPGA in a TAP. This will simplify

the process of remotely reprogramming a TAP.

SRAM

The wireless interface board includes two static RAMs. Each is a 100 MHz 9Mb
(36x256k) SRAM wired to dedicated pins in independent I/O banks on the FPGA.
The two banks can be used separately or together as a single 72-bit wide memory.
These RAMs were included in anticipation of memory requirements beyond what
is provided by the FPGA’s internal block RAMs. Potential uses include program
and data storage for the PPC cores or as packet buffers for the MAC and PHY
algorithms. Both RAMs use zero bus turnaround (ZBT) interfaces, allowing one read

or write access per cycle without any wait states.
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User I/0

In order to speed hardware debugging and algorithmic development, the board
includes a number of components dedicated to user interface. Three push buttons,
four LEDs, two seven segment displays and 16 general 1/O are all available for users
to interact with designs implemented in the FPGA. Once a TAP is deployed, these
components will serve little function and can easily be omitted during assembly. Fx-
perience has shown, however, that such user I/O are invaluable during the incremental

development and implementation of algorithms on the FPGA.

Power Supplies

Large FPGAs are capable of consuming very significant amounts of power. The
actual power requirements depend heavily on the design implemented in the FPGA.
The number of I/O buffers, block RAMs, multipliers, logic slices, processor cores and
MGTs used in a design all significant affect the total power consumption. A conser-
vative estimate of the power consumption for a moderately full XC2VP70 exceeds 20
watts[14]. The short term consumption can be even higher, depending on the number
of transistors switching in a given clock cycle. These requirements are further compli-
cated by the three different voltage supplies used by the FPGA: 1.5 v for its core, 2.5
v for auxiliary functions and 3.3 v for I/O buffers. The four daughtercard slots also

have the potential to consume significant amounts of power. This is especially true
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for radio daughtercards whose analog converters, transceivers and power amplifiers
all draw significant currents.

The wireless interface board’s power system addresses all of these requirements
using three power modules from Texas Instruments. The first supplies up to 10 A
to each of the three voltages required by the FPGA. The other two are dedicated
supplies for the four daughtercard slots, providing +12 v at 30 watts and -12 v and 7
watts. The outputs of all three modules are isolated from the shared 48 v input. The
daughtercards do not share the FPGAs supplies. Instead, a daughtercard must reg-
ulate its own power from the +12 v supplied through their connectors. As described
in section 3.4.2, the analog circuity on the radio board requires very low-noise power
supplied by a linear regulator near the circuit. This requirement would be impossible
to meet if the power regulators were external to the radio board. The two daugh-
tercard power modules are through-hole components, facilitating their mounting or
removal after initial assembly. In some cases, a wireless interface board will be used
without daughtercards, utilizing only the FPGA for extra processing resources. The
daughtercard power modules can be removed in such scenarios to reduce costs and

power consumption.

PCB Details

The TAP wireless interface board is a 16 layer 8” x 8” x 0.092” printed circuit

board. The board was routed entirely by hand in order to maximize signal integrity
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by minimizing layer transitions by signal traces. The flexible pinout of the FPGA
allowed every signal to be routed using no more than two vias. In other words,
every trace on the board is routed on just one or two layers, passing through no
more than two layer transitions (generally from the top to an inner routing layer and
back). Ten layers are dedicated to signal routing; the remaining six are used for power
distribution and ground planes. Controlled impedance is required during fabrication
on layer 6 in order to assure the 1002 5% differential impedance of the MGT traces.
The board is manufactured using FR-4 dielectric with 0.005” minimum trace width
and spacing. The routing was completed using only through-hole vias in order to
minimize fabrication costs®. There is an extensive network of bypass capacitors,
more than 300 in all, mounted on the back of the board. These capacitors provide
both paths for signal return currents and local power storage for the FPGA when
its short term current requirements vary faster than the power regulators can adapt.
The quantity and distribution of values for these capacitors are designed according
to recommendations from Xilinx[15]. See Appendix ?? for plots of each layer.

The first revision of this board has been manufactured, assembled, tested and is
fully functional. The only error discovered so far is a missing pull-up resistor on one

signal. A second revision is planned which fixes this error and rearranges components

*A version of the board was actually completed using just 10 layers and blind vias (holes
which do not extend all the way through the board). This version was scrapped when the
fabrication costs were quoted at $6,000 per board, 10x the cost of the final 16 layer version.
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for more flexibility in designing daughtercards. Another future revision will likely be

designed to take advantage of Xilinx’s newer family of Virtex-4 FPGAs.

3.4.2 Radio Board

The second core hardware design is the TAP radio board. This board is designed
as a daughtercard for the wireless interface board described above. It implements full
transmit and receive chains, all the way from the FPGA’s digital interface to analog
RF. A block diagram of the board is shown in figure 3.4 and its major features are

discussed below.

MAX2829
RF Transceiver

[ DAC
S ADC
| DAC
S ADC

Figure 3.4 TAP radio board

RF Transceiver

A radio transceiver suitable for use in this design was to be the most difficult part
to choose. The difficulty stems from the scarcity of wideband radio chips which are
not tied to a particular baseband processor. A vast majority of wireless networking

designs are built to comply with one or more of the IEEE 802.11 standards and
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provide little flexibility beyond those specifications. A TAP’s wireless interfaces, on
the other hand, will not use these standards and must be designed to support a
multiple antenna physical layer which is still under active development.

Fortunately, a suitable radio chip was recently released which exceeds all of the
requirements discussed above. This radio, the MAX2829 from Maxim Integrated
Products, is a direct conversion radio transceiver which supports both the 2.4 GHz
and 5 GHz ISM bands [16]. Although it is intended for use in 802.11a/b/g/n designs,
this transceiver provides a flexible analog baseband interface. This interface allows
the translation of any waveform, with a bandwidth up to 40 MHz, between baseband
and RF, regardless of the waveform’s adherence to an 802.11 standard. Further,
when driven by a common reference clock, the phase coherency of the local oscillators
in multiple MAX2829 transceivers is guaranteed. This feature is critical in MIMO
applications as many algorithms require carefully controlled phase relationships and

accurate measurements of phase among multiple antennas.

Data Converters

The wireless interface board daughtercard connectors provide a strictly digital
interface to the FPGA. The MAX2829, however, has an analog baseband interface,
consisting of four differential analog signals (I and Q for transmit and receive). The
radio board includes the necessary A/D and D/A converters to complete these in-

terfaces. The receive path uses the AD9248 A/D converter. This part is a dual-
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channel 14-bit converter which samples at up to 656MS/sec. The sampling rate and
input bandwidth both exceed the requirements for operating the MAX2829 in 40
MHz bandwidth mode. The transmit path uses the AD9777 D/A converter. This
is a dual-channel 16-bit converter which samples at up to 160MS/sec. The use of
dual-channel converters is intended to minimize gain and delay errors which would
manifest themselves as 1/Q) gain and phase imbalances in the transmit and receive
paths. A separate 10-bit 20MS/sec A/D converter is used to convert the MAX2829’s
received signal strength indicator (RSSI) signal. All three converters have parallel

digital interfaces connected to dedicated pins on the daughtercard connectors.

RF Front End

The TAP radio board’s RF front end includes all the components required to in-
terface the MAX2829’s RF transmit and receive signals with off-board antenna con-
nectors. The transmit chain primarily consists of passive components for impedance
matching and a dual-band power amplifier from Sharp Microelectronics. The am-
plifier has an output power of +18dBm in both the 2.4 GHz and 5 GHz bands.
The receive chain consists of bandpass filters for both RF bands and passives for
impedance matching. The two chains are joined by diplexers and a double pole dou-
ble throw (DPDT) antenna switch. This switch has four ports: a transmit input,
driven by the combined 2.4 GHz and 5 GHz RF signals, a receive output, driving

a combined 2.4 GHz and 5 GHz signal and two bi-directional antenna ports. This
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switch is controlled by the FPGA and allows a variety of configurations for the two
antenna connectors. One antenna can be bi-directional at 2.4 GHz with the other
used at 5 GHz. Alternatively one antenna can be used in both bands for transmission
only with the other antenna for used receiving. Since both the antenna switch and
the MAX2829 are controlled by the FPGA, these modes can be selected on the fly
without any hardware changes.

The RF front end section of the TAP radio board is based on a reference design
provided by Maxim. Part of this reference design is discussed in an application note
authored by Maxim engineers[17]; the schematics and layout files are not available

for general distribution.

Clocking

A variety of clocks are required by the components on this board, all of which are
very sensitive to the quality of the clock signals. The data converters require a clock
with a strict 50% duty cycle and very low jitter. Further, the clock signals driving
each channel in the dual-channel converters must be perfectly synchronized in order
to minimize any offsets in the I and QQ samples. The reference clock signal provided
to the MAX2829 transceiver is used to generate the 2.4 GHz and 5 GHz carriers for
conversion to and from RF. Any phase noise in this clock signal will directly trans-
late to the RF signal, potentially reducing noise margins and significantly decreasing

performance. Finally, all of these clock signals must be perfectly synchronized across
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all the radio boards connected to a common wireless interface board. This is a strict
requirement of MIMO algorithms which may operate by applying minor phase off-
sets between antennas, possible only when a common reference clock is shared by all
components.

This complicated clock distribution problem is solved by using a pair of off-
board master oscillators and clock distribution chips, one each for the converter and
MAX2829 reference clocks. The radio board has two MMCX jacks for receiving these
clock signals by coaxial cable. The cables used to route clocks to each radio board
can be matched in length, minimizing any skew between the boards. This approach
also isolates the clock signals from any digital signals routed on the wireless interface

or radio boards, minimizing the potential for coupled noise.

Power Supplies

Analog circuits, and RF circuits in particular, require very low-noise power sup-
plies in order to maximize performance. One key way to reduce the noise in analog
power supplies is to isolate the supplies for the digital and analog sections of mixed-
signal chips. This approach is used on the TAP radio board. A dedicated voltage
regulator is used for the digital interfaces on the fast data converters. A separate
regulator drives the analog supplies on the converter. A third regulator is used for
the MAX2829’s supply in order to further isolate the RF chain from potential supply

noise. A fourth regulator is dedicated to the supply pins of the transceiver’s voltage-
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controlled oscillator (VCO). Any noise present in the VCO supply can directly impact
the noise floor at RF; the dedicated regulator is used to mitigate this as much as pos-
sible. Finally, multiple bypass capacitors of various values are placed adjacent to
every power pin on every component to minimize coupled and emitted interference

from suboptimal return current paths.

PCB Details

The TAP radio board is a 6 layer 2.9” x 1.7” x 0.062” printed circuit board. The
board was routed entirely by hand in order to maximize signal integrity and adhere
to the strict impedance requirements of the RF circuits. It was manufactured with
FR-4 dielectric and 0.005” minimum trace width and spacing. Layers 1, 3, 4 and 6
are used for routing signals; layers 2 and 5 are used for power and ground planes.
Where not otherwise occupied, all six layers are flooded with copper tied to ground.
All analog and RF signals are routed on the top layer where an impedance of 502
+5% is guaranteed by the board manufacturer. See Appendix ?7? for plots of each

layer.

3.4.3 Wired Network Board

The final board in the TAP platform provides a wired network connection and will
generally be used by TAPs which have direct access to a internet connection. This

board is based on a Virtex-II Pro FPGA smaller than the one mounted on the wireless
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interface board. This FPGA provides eight multi-gigabit transceivers (MGTs), six
of which are dedicated to communicating directly with wireless interfaces in a TAP.
The remaining two MGTs are used as gigabit Ethernet connections. The FPGA
also provides two PowerPC cores, an ideal resource for implementing the various
networking algorithms operating above the MAC and PHY.

The design of this board is currently underway.

Smaller Gigabit

Figure 3.5 TAP wired network board

3.5 Applications

This section describes some applications for the TAP hardware platform. Though
the platform was designed to meet the requirements of a TAP network, it provides

sufficient resources and flexibility to be used in many other settings.

3.5.1 Multi-hop Fixed Wireless Networks

This platform was designed to meet the requirements presented in the original
TAP proposal[5]. This section describes how the custom hardware designs discussed

above can be assembled and utilized to meet this requirements.
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Figure 3.6 shows the typical TAP network discussed in section 3.2. In this network
the five TAP nodes each perform different functions which require different resources.
Node A, for example, has a wired network interface connected to the Internet, a
wireless TAP-to-TAP link with node C and provides wireless access to nearby mobile
users. Contrast this with node C' which acts only as wireless router using three

TAP-to-TAP links.

Figure 3.6 TAP network

~
ny)
D
=3
o

y

Optional
Wireless ; o Wirel
Interface Board Wireless Ireless 4 Radio
Boards Interface Board I

Interface Board Boards

A
)
)
le
™
]
1
)
]
\ 7
Wired - ] i
Wireless ' Wireless 4 Radio
Network Board Interface Board E‘ g Interface Board Boards
\ E
h : =
Wireless : ; ' i
4 Radio Wireless T Wireless 4 Radio
Interface Board Boards Interface Board E‘ Interface Board Boards
.............. :
(a) Hardware for node A (b) Hardware for node C'

Figure 3.7 Building TAPs

Though they serve very different functions, both of these nodes can be constructed

from the custom TAP hardware. Node A can be built from a wired network board
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and two wireless interface boards, one for the point-to-point link, the other for mobile
user access. Each wireless interface board would have four radio boards connected
in order to provide MIMO capabilities on both wireless interfaces. The three TAP
boards would be interconnected by MGTs. This configuraiton is shown in figure
3.7(a). Node C would be built entirely from wireless interface and radio boards. Each
of the three wireless interfaces would require its own board, each equipped with four
radios. These three boards would be fully interconnected by MGTs. It is likely that
the implementation of a full four antenna MIMO transceiver will require more than a
single FPGA. Node C would likely need extra processing resources for each wireless
interface. The TAP wireless interface board can easily fill this role by simply using
it without radios. This scenario is shown in figure 3.7(b). Each secondary processing
board would be connected by another MGT to its primary wireless interface board.
Should even more processing resources be required, this approach could be extended

using additional wireless interface boards interconnected by MGTs.

3.5.2 Real-time Networking Experiments

One of the most promising alternate uses for the TAP platform is in the construc-
tion of testbeds for experiments in wireless network algorithms above the physical
layer. There has been significant interested in recent years in the empirical evalu-
ation of MAC and routing algorithms in real-world wireless environments. Part of

this interest stems from the difficulty in accurately simulating both wireless physical
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layer algorithms and real wireless channel effects. A number of testbeds have been
constructed using standard PCs and 802.11b wireless networking interfaces for the
purpose of performing such evaluation[18, 19]. A major drawback to this approach,
however, is the limited degree to which the physical and MAC layer implementations
can be observed and modified in standard wireless network interfaces. For example, a
number of changes to the IEEE 802.11 MAC protocol have been proposed that aim to
reduce its overhead and improve its performance[20, 21]. Many of these proposals are
supported by simulation results demonstrating performance improvements, but none
which requires substantial changes to the MAC is supported by results from evalu-
ation in real wireless environments. This is due largely to academic researchers not
having access to a platform with a standard wireless physical layer and programmable
MAC. Commercial wireless networking products implement the MAC protocol in an
ASIC which, in order to maintain standards compliance certification, must not be
modifiable by the end-user. This results in the inability of networking researchers
to evaluate the real-world performance of alternate MAC protocols in testbeds built
from commercial hardware.

The TAP platform does not suffer this restriction. A TAP wireless interface board
with one radio board combined with a standards-compliant physical layer implemen-
tation forms a wireless network node with a fully programmable MAC. The MAC

could be implemented either in the FPGA’s logic resources or in one of its PowerPC
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cores. This latter option is particularly useful given that many MAC protocols are
already implemented in C for simulation purposes. With some modifications, this
code can be targeted to one of the embedded PPC cores where it can interface with
the physical layer implemented in the surrounding logic.

Other features of the TAP platform further enhance its use in networking exper-
iments. The nonvolatile storage space provided by the SysateACE CompactFlash
interface can be used to store log files and packet traces at each node for offline anal-
ysis. Additional wireless interface or wired network boards can be used to provide
remote access to a node via an interface independent from the wireless interface under
test. And additional radio boards can be added to enable testing of MAC protocols

for upcoming MIMO wireless network standards like IEEE 802.11n and 802.20.



Chapter 4
Conclusions and Future Work

The most significant contribution of this work is the design of the TAP wireless in-
terface and radio boards. These boards are the building blocks for the TAP hardware
platform and will play an essential role in the continuing development and eventual
deployment of TAP networks. However, a substantial amount of work remains in de-
veloping and implementing the algorithms required to achieve the performance goals
of the TAPs project. These efforts are already underway, both at the physical and
MAC layers. A single antenna OFDM transceiver has been implemented and verified
which will form the basis for the full MIMO physical layer. A TEEE 802.11 based
MAC implementation targeted to one of the FPGA’s embedded PowerPC cores has
also been started. These efforts will eventually culminate in the use of a four an-
tenna transceiver, built entirely from the custom hardware described in this thesis, to
achieve the aggressive spectral efficiency and throughput goals of the TAPs project.

We fully expect that these algorithmic implementation efforts will expose various
strengths and weaknesses of the hardware platform. This, in turn, will drive the
development of future revisions of the hardware. We also expect that, in parallel to
the TAP implementation efforts, other research groups will begin using this hardware

for their own projects. Networking experiments will likely be among the first such
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outside applications for the reasons discussed in section 3.5.2. These, and other
outside uses of the hardware, will provide valuable feedback for future revisions and

extensions of the platform.



Appendix A
PCB Schematics

This appendix includes the complete schematics for the TAP wireless interface and
TAP radio boards. These schematics were prepared in Cadence OrCAD Capture CIS

v10.1. The Capture project files are available from http://taps.rice.edu/hardware/.

Each page includes a brief description of its contents in the bottom right corner. Wires
terminated with a < symbol indicate connections across pages with the corresponding

schematic page number appended to the signal name.

A.1 TAP Wireless Interface Board Schematics

Following are the 15 pages of schematics for the TAP wireless interface board.
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TAP Wireless Interface Board Schematics

BT

S8 Jo BigeL.
uonduoseq

DR

PieOg ¥Odd dv.L
oML

Aysienun eony

sde) ssedAg

(uotaeanbrTIuo) yoHdd) AD HIOVY WSISAS
SINY IS

(€-¢) sISpeSH paeod OTIpeY

(T-0) sSISpeSH paeod OTIpey
sIoleTnbay Iomog
S1D9UUO0D-ON ® IoMOd ¥9HdJ
SISATSOSURIL ITAeDTOH-TITNN VOdd

oanjeradws] ® UOTIRINDIFUOD ‘OVIL ¥HAA

(0/I dW =oesAs » bnged

(O/I I=sn B SWYIS

(€E-¢ soTpey) L-9 sjyued O/I V¥Hdd
) G-% syued O/I ¥HdJ

(T-0 soTpey) ¢-¢ syued O/I V¥Hdd
) T-0 syqued O/I ¥Hdd

SYD0TD
S3us3u0) JO STJelL

:sobeg OT3RPWSOUYUD

IX ASY

QT
A
et
¢t
T
0T

6

8
L
9
S
4
€
4
T
S

pIeOd ¥bodd dVY.L




57

TAP Wireless Interface Board Schematics

A€ aana

I z I € T B T B
$00Z 11 104000 KepuoN ___ereqy
S0
uonduosag
PIBOg YO - dVL
kT
ARyssonun 201y
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ )
I
I
I
I
I
I
| S cnvﬁ_QAA
i WN-DSO  aN9a
| S LEVNTI0K: 1n0 aNo
! 30 QOA |
| —
I
I
I
I

(309useaep a0 0UsAS oy 30 01 “Bd) A90TO ZHHEE 30 TO¥ WeASAS
20T7073u00 4D Fowshs 93 Uo SoE3TEIUT
53 TP 03 Adoo © spest v9al Sl

20€8821 aneoa

n

I
I
I
I
I
I
I —
L EEMTO 3OVSAS Lo aNo .
! X SEQMM S1oino  ano £6-0S0  aN9d
| 8 NIY1D 1o ano
! 30  Q0A |
| [T—=" |
I
I
I E
I A£€7aaAa
! SOTIBWSYDS PIROQ ASP 0Id 38Uy A20TD 2USII3Y 19W ZHI
! 0/1 39%20¥ 3o Z11 *bd uo paseg
” anea
I
I
I
I 0oL ool 001-¥0121293
| 2yToazae o 2] aNe
1 Gox,
e zvjudoﬁM <100 ON
| € diM10 1OV | LNO
| 30
! oMY 29N
! zn
I
I
e e e o
! SOTIBWSYDS PIBOQ ASP OIJZA IBUAY
! /1 39%00¥ Jo Z11 *bd uo paseg
” anea
I
I
I
I 0oL 0oL 521-¥0121293
| ¥Ioazua € 2] aNo
1 dor
e zafoﬁw““MM 5{1n0 ON
| € dOM10 L9l | LNO
| 30
! oMY oon
I
I
I




58

TAP Wireless Interface Board Schematics

73 10 £ FECIE

1x
ey

O/l YOd4 SN
uonduoseq

2181347 05dAZD}

PieOg YOdd - dVL

S
4 L _ o o
FID Xpro{ b_AFNL Ne9T Ol 0 NLZT Ol f-grrrX
m_ HW—IE Aysienun eony 61T 34
X5 VdseT ol ONLET Ol g7z
>gro| +_d991 01 0_deLT 0l fzgx
g L_NeLT Ol _ 0 NELTOl (73
Mg Ld6gT ol _ 07434N0_d69T1_ Ol f155X
5o t_43uNL NegT Ol [z X
gy L_d891 ol b ezr
g v_Ns9T Ol breg
gy 1_d291 0! =
g L N1 Ol [earx
2 10 LOW——————————————7r—{ STH109/}_dSLT Ol 0743UN0_d99T Ol [HzeyX
Z NLOLOW JENTO0/LNGLT Ol 0_N99T Ol
o] ¢&0Y _N99TOl |77y x
B +_ds91_ol Hoer
13 LN6ET Ol Frzr
Sgra L_dvo1 ol bzeg
g L NveT Ol beza
g3 +_d091 0! oo
>gre-| 1N09T Ol bezg
gy L_d6s1 0l o<
i v _N6sT Ol b oz
gy L_d8s1 ol baor
gir— L _N8ST Ol b zor
1o 1odisT ol o
v VA3 NLST Ol 0_NLST Ol [£or
g b_d9sT 0l e
gro| L_dL01 0l [orrx
Xgrg +_dss101 0 NYA0_dLOT Ol g
X713 V_NST Ol 0_d6L1°0I |77 SIEED)
Xgra L _dvs10l 0_NSZ1 0l [-goer oNne3q
Y715 L N¥ST 0l 0_N60T Ol {7y SIEED)
g _d6r1 0l 0_N8OT Ol |52 oNne3q
Sgrr LN6v1 Ol 07d80T°0l {gzsr 20830
>gro{ L der1ol 0_d20T°0l |- SNEEN]
gra LN8v1 ol _ oNeoTol 690830
Sgry] L div1 ol 07 d¥AI0_NIOT Ol
Bpai:m LIH Ol
g b_dov1 0l
Sgg L Nov1 Ol _ dszT
Ygro bdsvTol 0_434N0_dEOT Ol
XgrRr VA3 NeyT Ol 0 339A0_d60T Ol
X b d6ET Ol
fona= 09N83a
oLz ser % EEUBHEEL]
7 eesol————qgN{ 410971 NvLT Ol ez
g L NsoT Ol b zon
X 0zm— SOA109/L dv2T 0l <
711 LMol _ lﬂNEWA
oy TIW [zen X
v 2] [seT
oV T Foemx
ETRERY T e
v FIT (e <
12 G
d v T 2T
dN_ 30V 23] [zeTx
I3, F___ﬂ 143N/ N60T Of ez
e e oI _d601 01 Fper<
A3, e V_N6LT Ol FezT<
“ e tdzTor Feon
ad « 0_d891 0l Jd_km
il 39 S9Y109/0_db2 101 [5rx
vl [5H0ladW 3OVSAS (G 00N 30V dI199I0 NPLT Ol fygrx
02d207701 {pEr
VdN_FOV dSHT09/0_NSL1 Ol f-rrr—————————— DN LOW 2
VAN IOV 02d9VT Ol fgzrrx
Vi 0_N9Y1 0l |gomyX
YdA_30v _ 0_NSYT_Ol 5o
AZTIRERT] 0743UNO_dSHT Ol goyX
N LYdN_JOV! 0_N6YT Ol [-go
v1 [9:0lvdW 3OVSAS OV 30V 02d951°0! |gpX
7L OYIJW FOVSAS vas s o _ 0°NL0TOl ey =
¥L JOdW_JOVSAS s LN dLoTol SYX109/0_dSL1 0l -rrg——————————Ddod10 LoW 2 [s1:0long3d
vl 3MdW FOVSAS ora-| ‘N1 Ol 0_NSST0l |z anea
vl AQH8dW 3OVSAS BIN L_N9§7_OI 0_N6L1_OI Feza
vl 3OdW FOVSAS | L drvi ol 07dLET Ol |gogX 2X6 HaH
[ 0z Foz—1
- - PENEE! aw ° o et
12000 0-000n [ 2% song T
17000A 0-0oon [ &3 CENEE s el
17000\ 0"000A [N ¥oneaa e s for
17000A 0-000N | oeg £9n830 oy v
170001 0-000A [y zon83d LA - 42
17000/ 0-000n [d Lonaag L O i3
. X VeN 09n83a {2 89N830
17000A 0_000A |zy e o
1Z000A 0_000N {75
17000A 0_000A L
17000\ 0_000A [553
17000A 07000A |25
vbn 1
reT aana Ae€7aaAa




59

TAP Wireless Interface Board Schematics

¥I__jo _y weug
ix O/1 VO 1-0 Solpey
Aoy uonduoseg
S PIEOG VO - dVL
FDR .
S Ayssomun ooy
v
216134 0SdAZD!
] Z_d8L 0l
e 2_dgoT1 ol Mw vy
g £ dSET _ 2 42l 10l fgr O uu
- ZNoeT ol 27434NZNOLT Ol e QLT
Ygrg ¢_dee1 0l H Ol Ve
v e ZNsv1 0l a e uy
e g ¢_dsv1.0l £ ogy
Sioy | ZNevI ol o o
— v Fa-| Z_dEv10l L v
Siov T Z_N8v1 Ol oH o
o Sa- ZNeg1 ol o o
Q o Z_Nev1 ol 5 O
Siou Tr{ederiol e ooy
e T Z-438AE NesT ol il Ly
oiov g ZdreTol o o
S ga-| ¢_deriol =) o9y
Siov 1 2.d}S1.0l = oI
e o Zdzs1ol _ Zdv010l fg5 o9y
AR sa{zdecio Zd¥NZNLOT Ol (7 o
ooy 78 Z43INZ_NovI Ol ZNYAZ_dLOT Ol {7y QU
eI Sa-| ZA3UNZNPET Ol 2 4FUNTNPOT Ol |y o
[ oo 51| ¢_43INZ N9y Ol ZNEOT Ol oy OlavH
o0 Zr| Z_d8sT 0l Z2d6110l f75r
501 = F T Z_d9v1 Ol Z diz1 ol T v
ooy £ ZNLSTOl ZN6LT Ol [ 7o oy
£0L 00I0V: B Z_dvv1 Ol Z_Nig1 ol 7T v
TR 7] 2_d8101 _ Z.dee1 0l gy Oy
0L 0010vY T, Z_NSS1 Ol 2 43¥NZ_Nea oT Olay
o boitn 071 Z_N8eT ol Zdv21 0l [y o
o o] 2_dss10l ZdLT Ol gy e
Do s Z NI Ol ZNVZT Ol |
LR +x ¢_Nos1-OI 2.dsz1 0l [ =
o (H T Z_dgeT ol Z_Nvi1 Ol W v
R o] Z.ds81.01 ZNSZT Ol | Ty
R rra| ZNesTol 2242101 {7y e
ol P | 2-N081 0 ZNLZ1 Ol g o
— e eTm| £d981°01 ZNLETOl Lo L
oI ] ZNegT ol Z2dLIT 0l fure Y
LR T ¢_dos1 0l 22d821 0l gy g
o T 24631 01 _ 2 dvi1 0l g .
o 5A] 268170 2 434NZN8Z1 Ol [ L
At ZA] ¢_d9s1 01 Z_dogT 0l [-o e
Siow or] Z_Nes1 ol 7 I
STl gx] ¢_d8810l kil g
N A ZN9sT Ol o 4
e s cNesTOl N oy
o x| Z_438NE NegT ol T ™
S | Zdi1 ol LUl 0
& oI OIA| Z_des1 Ol 5 Ady
oI g ¢_d091°01 = Ol y“
/_00IavY 6 td 010V
2 2 ZN6ET Ol |9 Loy
Z_00Iavy L2
L avy S
L _0010vy
L VY LZL1)
170010V BT
0/_001avY MB
69_00I0vY -~
L 79 001avY 2] S Ooon [T
20 oigwe il Z-000n [-1F
90010V ) 090N [
9_001avy w7 Z009M T
9 VY 8Y - Zn
2Lolgv i 2Z000A fgp
] o 209N 51T
avy
e BT 2Z000N 415
2 20207
OIavy 2l z tId
e o5 2Z000N [21x
=dvd 2 000A
olavy o — BN
vy oy 2 099N 5N
o 5 ¢_dsL10l Z_000A [
e P | ZdeLiol 2 000A fppe
a ot g5 C_N8oTOl 2Z000N [
oldvy g1 £_d92101 2 000N |
Xprg ZNseT0l 27000N {5
. X7 ¢ NosT ol
L [£21:0170010V K Gl = al
A¢€7aaAa

1

[ez1:0] L0I0VE(G

2161347 06dAZD!

S - € dvST Ol {m, —
£-d9g1 0l € 43UNE_NL8T Ol g vy
€_NPYI Ol £.d8ST Ol ey vy
£ N681 Ol €-NPST Ol {7 Qigvy

o1 £-d681 0l £ N85T Ol avy
Xgra| £NogTOl £7N061.0I [ 0Iqva
£ N9ST Ol €2d061 0l -genr 00wy
£.d0ST_0l __ EN8YI Ol fory 7
£ dvv1 Ol € 43UNENIST Ol [-5 Qv
olavy €-deeT 0l € d097°0l | «u
olavy € del1ol € N091 0l |-egy oavy
o) «u Fry| E_dve1 ol €_Nev1 Ol |y o VM”
Olava gov | ENET Ol €-NEST Ol [y Qv
S v €_43AE N60T Ol €7d581 0l -gov Qigv
Sl € NEYT Ol |y vy
Siow € NET Ol L7 avy
o «u €.d957°0! gy 0 «u
olavy _ € NELT Ol e oavy
S £ 4FUNE_NSYT Ol f vy
Sl €2d6570! frrvy OIqv
Sl €_dév1 0l |70y vy
Sl € NLVT Ol |, Olav
Siow € NOST Ol | prayr avy
olavy £ dzs1 0l olavy
60L_LOIavY _dZST 0l fgryey oo
80L_LOIOVY €2d811°0l fou o]
701 _1OIOvY _ €2d9z1°0l f-¢ v
501-10IavY £ 43UNVE NSOl [y oigvy
So0L_tolavy £ N2Z1 0l [y Qidvy
€ NvZ1 0l
o £N9FT Ol [ oY ]
£0L_LOIavY NOv1 Ol |7y o
€.d0gT 0l
201" 10IavY d0ET 0l | o
< £ N8Z1 0l q
or e £7NosT Ol | E]
oo €_N8LT Ol _m< olavy
ol €_dov1 0l Qv
86_LOIAVY = ¢ ey I
o € d8z710l ©
£6”10I0vY 8210l |y =
od £ NO¥1 Ol g
96_LOIvY NOY1 Ol |y e
5 ] €2d221°0l f7n Y
ol € diy1 ol ]
& e € d6eT Ol cwu ]
€6_L01avy = ¢ ]
S ToIav gy £.d0T 0l € dve1 0l [ray o
e Toiav v E_NIAE dLoT Ol _ £7dSy10l fgy oo
06_LoIavY gav| ENOTOl € STINENGET Ol (o gvy
St STV € ddAE NLOT Ol _ £desTOl g Qivy
olavy BAv-| £.d507 01 € 43UNENEET O ey ]
oI £ dvoT ol £ NvET Ol avy
olavy £\ - " = - REA olavy
Siav 9w £.d907 0l £NzsT 0l o5 oGy
Lo v ENPOT Ol €-N6Y 10l g vy
At sV £_d€0T 0l €.dey1 0l [y Olv
Sidva eV £-d6z1 0l € NS8Ol 7w qvy
oy £ 80T 0l §azeTol Olavy
olavy BAV — — >« 1 Z3 oI
vyl gay-| £_.N90T Ol €2dIS1 0l fprer v
AIvY Tav{ E_N6ZT Ol €NSST Ol gy 0lavy
= E] €_d0z1 ol € _d8y1 Ol LE]
L avy T3 - — X | (¢ Tav Tt
oI £NLTO € N6ST O 0iq
L Ve OIA NI _N6ST Ol v o
/_1olavy JAE) €_N0zZ7_Ol € _dev1 Ol £\ Sl
L toiavy Tav{ £.dovi ol €791 Ol [ o
olavy Tav _ ]
27L0IQVY oY £2000N Ipray
Z_1oIavy om — PIav
€.000A
avy [52) £-000N 7y
L avy [428) o N eV
)2_LOIgVY By’ m\www> FIVY
ol v £ 000N [
89_101avy LLE) ooon LAV
£9710I0vY pins £-000N {775
99_L0oIavY o — 22004
€.000A
S9_L0IavY \4 €000 g
9. avy BAY 09 gV
€9_101avy GAV ooon £
29_10IvY 24 X 5
o € 000A
19_tolavy 1av X 2)
] €_000N [y
m 0 ‘«( o 88T €_000N (e
R o] 42510l €Z000N [
T roIa Ty € d28101 £ 000N [
wn

A£€ AaAa




60

TAP Wireless Interface Board Schematics

T
¥ G weuy < I 3 I g T .
1x
O/ VOd WVNS
2o uogduoseg
Pieog ¥Odd - dvL 2151347 0GdAZD;
smL
———————— g aan—Oeav| SPI09E NSOl $_NS9T 0l
PR NSO Ol sy an
Ausionun eord z 0ok <0 QIDGEH on e do109/5_dS.1 Ol v FZNEpEn
SSY109/S NP1 Ol d0X109/y_d§27 0l €031 s
Tad TZH _NV.7 7 dS. ¢
o | dvinooisdars1 ol NPT Ol ﬁvv»mg oz
v
€L QVUAQY_LAVY S d6eT ol
€L MY LYY wn< S d8y1 Ol
€L 30 LAY e _
€l o8 LAV Sedv o9 v QUAQY ONVNS €L
€l d3FIS_ LAV anﬁ( o0l |2 MY OWVHS €}
€L Y10 LAV yeav S_dss1 0l 1dv. 30 ONVAHS €}
€ N3O LAWY dByT [42) 87 ONVES €b
€L €30 LNV BV d331S ONVHS €1
€L 230 LNV TV MIO _OWVHS €1
€L 130 LNV PIH' NIO OWVHS €L
€L PME_ LNV A4 30 _ONVNS €L
€L EME_LINVY! Tid! Z30_OWVHS €L
€L ZME_LAVY: [22) 130 OWVES €L
! €L LME LAV STV ME_ONVHS €L
S d VIN ME_OAVYS €L
mm M mﬁ« m\&wmﬂww, 12514 ZME_ONVYS €L
Sea Thivae BeIv| SN0l 2a/5”Ngo1 0l w"m< LME ONVYS €L
Z6Q_LWY Ty—| S_N0C1 Ol _ Y NIZT Ol [mmy—— Ged OV
Lea TNV 0Zdv | S-NEL1Ol ¥ 438N dLST Ol %Ldsz SN
et iue Tov] S_Nse1 ol SLH109/7 NSLT Ol (g7 £ea_oAvas N
620 Temy | §_NS91 01 ¥ 439N dL01 01 2€d_ONY
v o1 [T tea
820_LWY: Iy
120NV “
920 LY.
anea GzQ v ]_ONV: —
N LT N
I el s Wm v —
020 v
= LNV
a0l [go v Q_L\Y. —
v N
€dd a_ LY gy | SN - ~d921 0l |y g
g teny | 54201 Ol ¥ 438N _dL2T ol aonves N
e e G Tlivis Eay| S_NEAS d90T Ol " iaw dzorol [opy a onvas N
O TAvis 219 SNevTol ¥ 438NY_d6971 0l g1y d_ony
- G IAvals BeNv| 99801 oL | _ ¥_N99T Ol a_ONV.
+—r5] A S-S | § 3N NeoT 01 ¥ dvoT Ol [orY a_ONY:
o] [9 — Teav-| 8 UMa¥/s NLOT Of ¥ NIST Ol |-ore q_ONV. N
l ] vus Semv | S-dev1ol Zn 0NV, N
d z Via —OEav| S_ddNS N90T Ol L2l Q_ONY N
AP eed wms S v S 8010l 24 Vs N
d S d6LT Ol q_OAY
= VS B | vars neo1 ol EIY. T oAV
Ll J VS UV S o1 wIT -
01 [€9: S | s dozt o TV OV
za % oo 99/8 NeoT ol 125\ a_ONY.
d L eIy § J3UNS NOT Ol STV q_onv. N
Ae'€Taana e [eeolay TeTy| €.S0/5_dioT ol 2 mﬁ_ VHS N\
s tery| SdLr1 ol ¥ N9ST Ol 0 OAY
anea 52a ST a oAV
V_LAY. BINY O ONY _
o V_LAvES B2 I v [se:0la 0nvas  €b
VLN Ay %) Lo
. v LIyS 928! i
anam 2204 IR S \
oia V_LAvYS 8CT = V_ONY, N
v IV L vonves N
v ey Sty O\
T Y_ONY:
« “ - NV kL2 V_ONY.
¥ Livas _ECT £l vV ONY
V_LINY HY i V_ONY. N
v Ny S_NSS T Ku v ONY N
S_N6YT_Ol 1N0a/y_N0T_Ol V_ONY N
v Lnvas veav | SNl NLOT
T Tivae Genv| S_dor1ol vl o v onvas N
Voo o] _Nee1ol v 43INY_dSYT Ol | Y ONY
€1 L0V LAVHS(G AR S_dse1 ol ELALL « wx«
fﬁﬁ [CERVET STH VYV ONvES N
[EY) R L vV ONY Lo
=Rl 029 ACERLED] L0V ONVYS €L
19 Q31X3H ———&-Eran
ONCEDEEIL ) AR G Ml ME R E T
IV a3xan SeAv | S-drriol e ) L=\
TG SeAv | S_N9e1 0l SEN109/ N1 Ol fgpprer—4QI
78 aaxan 1oV | oNeel ol vdgoT ol [go €O OIDGH
— taq —earv | N1 O ¥ 'NoZ1 Ol 29 a3 X3H
va3T
4v10£2-S1] 4v10£2°S11] -
*—g 0 da | rzav]| $-000A ¥7000A
° ‘%TﬂJ — v 59990 000 [oraw
a 2 £2av| S 000N ¥~ 000N
ovan € v o0 - — 5 5 NERTEr Fo| S-000N ¥-000N | 252
29 a31XaH [E— EJR | or GENCEIN tzav{ 5 000N ¥7000A [211
20 Q3 X3 T a a [ LJ 23 1q a3 XaEH 72| 509N 000N |57
20 Q37X g 123 72 anoa o k] T 19 Q3 1XaH Fzov| 5000 ~000N o7
FAERREL] 7 or 9|8 MNofg e ano 8 v 14 12 10 GIIXaH Geay| S 000N 000N [oray
78 G3XaH ¥ & Y e I Tlave v[S L] € T WV a3XaH 5zov | SO0 ¥_O00N [ory
081 € € z ST g aIaH gzov{ S 000A 7 000N |
Ny via sia XA X S| 5-000n ¥-000N [ 7Y
08l INY Teav § 000N ¥7000A [ore
1)
Ag'€7aana OvN  Ae€ AN
: I 3 I
©
I z T 5




61

TAP Wireless Interface Board Schematics

i3 10 9

1x
Aoy

0/1¥9dA £ sopey
uonduoseq

PieOg YOdd - dVL
omL

FIOR

Aysienun eony

2

[ez1:0I €0IavH{(a

£1§14470SdAZOX

>gzm L_NoZ1 0l L2d6Y1 0l fpery
LNSST Ol v
L_N8ET Ol fgep kit
LNVYTOl ey k2
£7d81 0l -gepr z
L_NSBT_Ol f—ger v
LNVST Ol z
L7dS81°0l [ne v
v L dYST Ol [ v
o L_NO9T Ol [y kit
oIV: LTNEST Ol f; k2
oIaY: £7d097 0l {—ene Lt
oIy & _ L_dEST Ol |y v
Y ea| L3N NveT Ol _ LZdipiol k
oY BN L_NEET Ol 438N NgE T Ol [l -
LdeeT ol “N681 Ol [n
v BEN| £-dEET_ L_N68T_ Ol -
e N L_d.€10l IN9ST Ol | oM kit
i N £_dLET 0 Idgg1 ol |24 al
v pEN-| L_NOET Ol INesT Ol |-SEA Lt
agy TN Ldosor I-dos ol [-Iem 4 v
¢ v FEN| L_A3NL NeZT Ol 2-d68T1 0l wm X € v
SISOl TeN| L_dvL10l L_dBST Ol gy -
o v W L_d8e1ol £-dosT 0l v
T oEN| £_dZL101 L_N98T Ol [gopr v
701 £0I0V: W L _NIET Ol L_d981 Ol ki
Nzl NPT Ol [
501 v vom| LN LNWI1 Ol gar v
S0L£0I0V: T L_dz1 ol L_diy1 Ol v
g NszT ol ~ 4067101 [9eL
oL v BeT| LNSZT_ 2-d06T_0l -
Q NP1 Ol “NO6T Ol |9EN
S0Lc0Iqv. o] LN £_N0B1_Ol L
L-dsz10l "NV Ol [
Z0L_c0Iav BT -5 LNLTOl ey i
i toiay o1 LNve1 ol 2_dge1 0l v
Ldiol L-dss10l [ ook -
001 OEN 4951 Ol |,
o v oo Ldve1ol LINZ8TOl | 7ene v
S5 t0I0y SE £ A3NL NegT ol LNZET Ol gy v
o w Fo1 L_dzz1 ol £2dIS1°0l o, v
56 EOIavA] e LNLZ1 Ol L-dvyT Ol fer -
3 v eS| LN6L1Ol L_N6YT Ol gy -
ey e Ldiziol L7N6ZT Ol [ v
€6 v eS| 4-dot1 ol . £7d8S1 0l v
2 rea| LNENL dLoT Ol LZ43UNLNYT Ol fpe Y
i | LdeoTo L_43UNLNSST Ol | v
e v Fen| LdUNL NLOT Ol L733UNLNOYI Ol e v
585010V, sen{ L_NEOT Ol L_dez1 ol -
o8 v Feg| Ldro1ol 1-dzs1 0l [ z
IS oIV yea-| L_FFWNL NvOT O LdisTol |5 v
9 L7NSOT Ol ~azhT Ol |
_N90T” 2-deyT -
98 £0IQV: £eT] 4 - dev1 Ol ey
S roI0v; teg| L_d901 Ol _ LNEZT Ol (e v
B Te5-| £ N20T O £7438NL_NZST Ol o il
v TR 4420101 L dgy1 0l wm T k2
Siav zea-| L_NsoT Ol LNev1 0l geg k2
FoH{ 420101 LT 0l fpeg k
Siav yer-| L_NL0T_O1 L_N8y1_ 0l v
9eH| L_N2L T 0l IdevT ol [k z
v e 10 [oed
e Ter| 450101 LINEPT Ol |y v
ol A £_d60101 L-dSY1 Ol gy Y.
L v gen| LN60TOl NsyT Ol v
L | LdovTol Be8 v
££IV Fer| LA39NL NoLT Ol 270207
5 <er| Ld¢t1 0l L_020A
L d Tosr| £_d801 0l 270207
s or-| Ld8L1 0l 27000A
£7NgoT Ol X
n eS| 4 N0 270207
= z Ger-| Lderiol 27020A
RS eesr| L NSLT O LZ000A
o o ser| LNeLTol 270207
Socolav o5 L_dSH1 0l _ 2_020A
o v g5 L3N NoLT Ol 27020A
iy 5| Ld9t1 0l 27020A
b v e LNLTOl 270207
£ Zes| LZN8LT Ol 27020A
15 e0Iav. UEd L N7 Ol L_O00A
5 v Zeg-| Loy 0l 27020A
S colay gt L_NiST Ol 2_020A
o o w51 L_dor1 0l 27020A
S Zen-| LNST0 £7000A
- ] oeg-{ £ 9621 01
rvn
Ag€7aana

2

[£21:0] 2010V (el

£1514470SdAZOX
9 dieT ol
9-d0L 101 {erh olavy
R _ gdseTol avy
9_N9ST Ol 9 43N NIZT Ol [0 avy
9-dog1 0l 9INPT Ol [T OlQvY
9 NPPI Ol NL1O! Foeaw o
9_N68T_Ol TED olavy
9-d0sT1_0l [E) avy
Wﬁwﬂ 9_N9gT_ Ol OV olavy
97d951 Ol Y o
W/Mm% 9.d68T Ol %M« avy
9_4TUNG NIST OI olavy
Lo oo 9dos o1 25 ava
R eav-| 9_deri ol TETY olavy]
ety 2y 9_dzvi ol 72av o
5 v geqv-| 9_dLS1.0l UEAV. olav
iy A 9NzET Ol 520V o
olav. =\ 9 _Ne¥1_Ol TENV olavy
v v 9dze1 ol TEN Siave!
o Seay 9deviol 6ZAY o
v SEov| 9_3FNG NEET O et olavy
0l1aV; PASE) 9 Nve1 Ol _ FEL Qv
v Fav—| 9_43UA9 NSvT Ol _ 9 deorol [ olavy
olav. egy| - dEST Ol 9N NLOT Ol [ avy
Sigy V-] 9_43N9 NeeT Ol 9 TNz0T Ol oy 0lavy
604 20IqV: ey 9_dsv1 0l 9TNUNG dL0T Ol [-ooa OIQvs
80L_ZOIQY. Tov-{ 9_dre1 0l - 9 dz0 0l [ ]
10L720I0V; geav| I_Nov1 Ol 943U NEOT Ol |-y 0lQvy
TR Sy 9N8ZT Ol NEOLO! TemY o
[ v av | 929101 £ed olavy
Ry v 9Novi ol Ry o
o s0lay v 9_dsz1 ol EY olav
201 v zegv| 9-dov1.0l 3 avy
10L_ZOIQV: i) 9_NOgT_OI B8z avy
001 v gery | 9-deel ol d2) 0V
ey ey 9_N8LT Ol FERV. R
86 v SeAY | 9-90¢1.0! £ OIav
ey teav] 9_dori ol [2£) o
Ses0lav Tery 9_NvET Ol TEV ol
v rov-| 9N9ET Ol 520V o
olaV. BEN 9 d8L7 Ol 82OV avy
v S| 9NELITOl 623 Siave!
oIV BE 9 _Nzz1 ol FETV avd
v Seov| 9-dLr1 ol ) olavY
e eav—| 9_d6ET Ol TETY o
v szav—| 9_NOST Ol oV S
g Pemv— 9NLVT Ol ET T
o) v TEQY 9_déy1_Ol TES olavy
i SEov-| 9_dEET Ol TETY Siave!
o ks 9°d6ST Ol 820V o
v ev| 9NZST Ol £4)) olavY
o v 9NevI Ol FERY R
v Tegy | -NET1Ol LA olavy
g Zeay—| 9_ds81 0l i o
oIV Tewy—| 9_NEST Ol 974349 N80T 0! ey 0lavy
v ey 9 4S80l _ 9 dvz1 0l | oo olavy
olqv ceay{ 9_Ng8T Ol 943N NSOl [eTY avy
v Sgov| 9_NSS10l 97deLT ol [52 0Iqvy
s -
L ] snev1 0l 3000 |58
v v 906101 9-000N [V
v segy—{ 9_N09T Ol 9 000N | 2e8Y
v oEg 9_d8s1_Ol 97000 9ETV
olav geov| 9_dvS1 0l 97 000N |22V
0lav ¥ 9_d881 0l 9 000N |ceoy
v Tay—| 9_N8ST 0l 9-000N g
o soiv—oewy| o NeeTol 97000N [CeTY
[ v sEov | NP1 Ol 97000A
v ey 9_dLe1 0l 97000 9207
oIy geav 9.dT0l 509N | B8V
v vy 9_43UA9_NST Ol 9-000n [ 23
OI0Y ST NLGT Ol 9-000N g,
ol EEDV | o oo o, 9" 000N tgzmyy
v eav—| 9 N9ZT 970001
9 NSET Ol P 9ZavY
v Te3v | 9 NSEL 9_000A [
oiav geyv| 9 96471 01 970N |,
23
amn
A£€ A0AG




62

TAP Wireless Interface Board Schematics

T z T © T v
¥ 7 weuy
Lx 104U0D SuMeIsduIS ) § UORBINBYUOD ‘DVLF YOS
Aoy uonduoseq
& PIe0g VO - dvL
FIDR
ST Apsioaun sony
anoa
S
12
T
Ag'€700AT o
anoa _ _ _ _
IXZHAH X2 LXZHAH  1XZHaH
_ — — - 871013000
£1513370SdAZOX 7l 7l -l we3sAs 8Yy3 WOI3 ¥9dd SU3
~a » S| [® = [ =] eserost Areastuoes ues sredunl asaur
WN x4 I e e
ey e Nxa
N3 dVMSH
T N
N3 dVMSH vodd O 5 —5ar voag 1017940 30VSAS ¥l
1L ey 001 940 30VSAS L
_ . - AOL g MOL_©40_JOVSAS ti
Pl #LINIT940 30VSASK——————pgy| § LINI¥ dL0T Ol SWL 3 L—))SW1 ©40730VSAS ¥1
5] 00/ NeoT ol
yL #90Md 940 FovSAsK———————zea| mzwnmmu
Sor 3100
L SWLLSI“IOVSAS
L I0LLSI FOVSAS
L YOLLSI“3OVSAS
L OQLLSL FOVSAS
Nd
Ag'€70aA




63

TAP Wireless Interface Board Schematics

S

Vijo p jeuy w w
QNOV LLOW aNOV 8LoW
X sIoARosUE)| 4qeBIB-nInN
Aoy uonduoseq
& PIEOG VO - dVL _
= HW—li i £15134705dA
= 5 e g g S S g g S —_— 20200000 200200000
S P—— | | TN LN 92000992 | 22299920 covand |y
SYUTT PeT1dnoo-3q I0 D¥ 103 STARINBTIUCD SIOW Inog LLOW_NX. 113 S899838% 99899888
I utt p 20 30 9y 03 STqRINBTIU0D SID I SAVANXL BEEESEES ZEEEEERS  ocavdnxt ANE«NEW
| SYUTT perdnod-pa 103 1@s sKemTe SIOW Inod | 9IS _NX. SV avanx, S EoeN®ex BRBBHISE 6LavANXL Fpem
I | SLOW N o avanxL 8LOVANXL (it
e | | m Mﬁ Hw gov-| SAVANXL LLOVANXL [grmmes
| ! I I CLOH T ey POVANXL 9LQVANXL [ pek
- - | | I 2 2AVdNXL YLOVANXL (7K
I aN9G  ONOV LLOW aNOG NSOV E19W 1 i | LIOW NX. 9
! 11QvddX L £20VddXL et
I
! | i | L o] 6avddXL 120VddX1 [fenmed
! | Li00 Ty 80VddXL 020VddXL {7z
| ansq asal sT anoy 3teus oS | ! — ON d gry| £avddXL 610VddXL (o
I “pssuun a3 SIOW wWO3I0H | | ! SLOW, T 9avddXL 81QVddXL |gramd
I ! ! ! — Tov SQvddXL £10VddXL (e
) | | g1 ion | m wﬁ d Ty avddXL 91aVddXL |k
| ! ! ] ] e o ! alond Spv-{ 2aVddXL 1OVddXL {grry<
! | i SMIANION SMINIOW v HIN LOW € MIA LOW i S—— o] Lravanoc ————
I | | R v 60VdNXY LZQVdNXY Aﬂs«nﬂw
! | | | LLO | Ty 8QVANXY 02QYdNXY |-gzpmd
| 1 i |_v H H/ h i 9LOW_NX¥ ST Lavexu 6L0VdNXY [omes
| - - - - SLOW_NXH 90VdNXY 8LOVANXY (gt
! I 8 UIA LOW L ¥IA 19N T UIA LOW L YIA 19N I PLOW_NX¥ T
I i LOA_ Sov-| SAVANXY LLOVANXY |ramed
I i ! s Ton | Lo i Fov-| PAVANX 9LAVANX [-grrod
” buTISITTI punoxs Teathrd/boreuy | e I T TON N Tey | CavdNXd PLAVANXY <
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ | 11aVddXy £2QYddXY et
SLOW By 60Vddxd 120YddXd |
LN £Tv-| 8aVddxd 02QYddXd gz
SLOW dxy TTv-| LaVddxd 610YddXd [z
SLON ol 9QVddX¥ 8L0YddXd (77t
LLOW dxy) Sev-| SQVddXd £1QVddXY rrmd
aNOYTLLOW L Jev-| 7aVddxd 9L0YddXd el
T TOW X FET 2avddxy w Y1avddXy IWNSQX
0 o
B E ns
QNOV LLOW 9] o
S o
=
081 20aSSH _ guipATIow o
anNo 2 208r 20aSsH S — g LLOVAXHLA o B ezavaxuin
ano B anNo o 9 HIAT 1D NSZOLOVBLINVIE 2 SLOW 6QVdXYLA o 2 1zavdxen
£ 4 STuIA 19 NSZOLOVBLNAEA0eT oW i) = Q
N9 & NXLfp—e aNo p 1 8QVAXHIA 02aVdXHLA
3 BLOW NXL N NSZ0LOV8LWIEA6: ] 14:) o
aNo 3 d XL N a ANO . N XL = LAVdXHLIA 6LaVdXHLA
] BLOW XL T PLOW_NXL NSZ0LOV8L 3 Ol 3} o
aNo aNo 3 d XL 1 9QVAXHIA 8LAVAXHIA
BN g El VLOW dX1 i NSZ0LOV8LI 82 5] il e} =
anNo B NTXM aNo - 1 SQVAXHLA 2LQVdXELA
o € SIOW NXJ & N ¥ IA LOW NSZOLOVELNIEAZ 6] veg 3 Q
dX | SLOH X aNe TN f———— e ———— L 1 gem-| YAVAXILA 9LaVAXHIA
ane BLOW dxd ax VIS NXH € ¥IA_19W] NSZ0LOVELNAENA: ol ZaVILA H D VaIA
aNo 2 aNo z VISW dxy 2 HIA LOW NSZ0LOVEIWVIEASZ o ved %)
ano & ano & LI LW
ano &
i
E
08r Z20aSSH 08r ZOassH NSZOLOVBLIWVIENAFZ] SIOW XIIA 7| L OveXLn eavaxLL
1 L1 @
anNo 2 aNo = NSZOLOVBLINIE - eeT 9 A o] savaxLin 02QVdXLLA s
ano ans @ NSZOLOVELINAE -z OW XLIA oo ] savaxiin 61QVAXLLA °
- D o ND NSZOLOVELIVE L e LLA Sre savaxiin 8LQVAXLIA g
ez e LLOW NXL Noz N ELOW_NXL NSZ0LOV8LWIEA/02] Ol A 24 -
ano d XL ano d XL = SAVdXLIA L1QVdXLLA
A L1IOW dXL 3 ELOW dX1 NSZ0LOVS8L 6 Ol LIA g
ano & [® ano & [® zwmo—mv(wr: e St 2 A e POVAXLIA 91aVdXLIA
ano uwmm 3 ZIDW_NXY ane u\wm L3 EIOW_NX¥ NSZOLOVELINVIE A L1 OW XLIA geg| COVAXLIA pLavexLIA
oW ax <R aa
ano L1OW dX¥ ano ELON dX¥ e
aNo & ano 5
ano & ano & A9z 1on 8
T T 3
e ST e sosy
08r 20aSSH oer 2oassH NSZ0LOV8LI 'S11LLOW XHXNVIOAV. BE | o HXNVOOAY 0ZXUXNYOIAY
ano 2 anNo 2 NSZOLOVELINAG-—ZLT0L O XEXNVIOAY. =] sxaxnvooav 6IXHXNYOOAY
Q a & o) arg
2 2 NSZOLOV8L 711G LON_XHXNVOOAY.
aNo B aNo & e Tea-| 9XXNYO0AY 8LXHXNVOOAY
aNo o NXLfp aNo § NXLfge NSZ0LOV8!! ELT7LON XEXAVOONY SXUXNVOOAY LLXEXNVOONY g
= - SIOW_NXL - s ZLOW_NXL NSZ0LOVELIWAEA1L LT 1D _XHXNVOOAY 4]
aND g I XL fg—SLOWRXL aN9 § dXLfg——CON L 1 PXUXNVOONY 9LXHXNVOONY a
s OLOW dXL ] ZLOW dXL NSZ0LOVELINVIENA-0LT 2L O XHXNVOONY. 628 &
aNo aNo 1 2 Teg-| ZXUXNYOONY PIXHXNVOOAY a
e & N aNe & N NSZOLOVELIWVAEA 611 LOW XUXNVOOAY g
o £ SIS NXJ o £ ZIOW Nx z
ane 4 SLOW dxd ane z ZISW dxy .
anNo £ ano £ 57 ION
ano & ano &
o e
LLXLXNYOOAY £ZXLXNYOOAY
LNSZ0LOVELIVIE Al o)
el 280 oo | BXLXNVOOAY LZXIXNVOOAY
1 2 SXLXNVOOAY 0ZXLXNYODAY
08r 20aSSH 08r Z9assH NSZOLOVELN 5] VOOV, LLH Bremeiivieiv BIXLXMVODNY
LNSZ0LOVELNAE! i 0
ano 2 ano =z e TTA 11511 VOORY. e exixnvoony 8LXLXNVOOAY
ano E ano g HMMW"M«WW alas! X | SXIXNYOOAY LIXIXNYOOAY
s Rr—mr— s RE—m— Ao e T e
A SIOW dXL B LIOW dXL NSZ0L9Vsl T 11O] VOOAY SEg
anNo F aNo F S
aNo B NTXM aNo B NTXM
axu € GIOW_NxH axu £ TIOW_NXY (0¥ 703 AgT ‘BuTTdnod 0 703 AS°Z I9W 03 PaT)
SLOW dX¥ LLOW dX¥ AST LOW °be310A UOTIRUTWIDY XY LOW X HlA_LOW
ano ¢ ano ¢ i e
ane 2 ane 2 <71 2 AaAa
ano & ano &
E E 150908

astu SE9K pesnup

pazamod aq 1113

s




64

TAP Wireless Interface Board Schematics

[2) ooy
W S190UUCD ON 8 JoMOd VO
Aoy uonduoseq
% PIEOG VO - dVL
| - smL
ORI
Aysienun eony
PISTEE NN Ae)
>y E_438NE NSLT O o
*NHQ\ €_de1 ol ledk
! €_NELT Ol fgpgx
P ¥_N8Z10l |rrex
“Tav ] ¥-d8z1 ol
Xzav | v_N621 Ol W@
5 ¥-d621 0l {rrpex
Xpav] £ ) ¥_NOET Ol
XoNy{ E_AFUNE NI8T Ol ¥_doeT 0l Mﬁﬁ
gy £.dI8T 0l ¥ NVET O
>Re| ENZ8T Ol v_dveT Ol
>Ny €.d28101l ¥ NSET Ol
>env| ENPET Ol y_dseT ol
>Ny Edv8T _ ¥ NETO um%
Xz ¢_dv810l ¥ 438NV d9ET Ol
X5 TNPET Ol _  gdeerol
p] S 43NS NIET Ol
X5 5 dgeT Ol
o STNSET Ol <
%55 S dvET Ol f7orex
o] SINVET Ol
e S d0ET Ol
] SNOET Ol
=] =z
e Tamne vt O
X%—g3-{ 2_dsL1 01
X3 ZNSLT Ol m baerve
Y| S
fomicn =
ox=n =] [eerv<
ox:1an 3
Q
T t
fonis w0
ZETH
foxazn
12
LA
oA |
vTuNﬁmN _ 2-dzg1 0l dmukmmm
P L743UNINZ8T Ol [ eg X
fox:=n reeT
anea foi22 BT
2o Foea
farssin [seoX
Xlan:mmﬂ 8 NMa¥Md dﬂk&ﬁ*
eeaT>
Gz

[ eV

Ag'70aAa

[ R

Ag'L"aaAa

15134 0SdAEOX




65

TAP Wireless Interface Board Schematics

vi

1x
ey

FTOR

ANOV LLOW
1
/H\ €2210;
SO SO O GrO—i SO WO O SO IO O 65 Wﬁ
T
T T T T T T T T T T + .
AT LOW

z T 3 T v T 5
sioemBy somod 1 A8mod IOW ¥Ddd o 103

uonduoseq ! peTdnod-0¥ ST YUTT !
| N somoa oW De3wstpep steuzoary |
PIEOG VO - dVL ! aNOV LLOW !
1 ! 1 !
! €2210S 8196111 |
Aysienun eony | ane |
14nL any ant any m:onmJT ano JT&.S |
1099== 60— 850=— L60== 90— SGO= = PSO=— €50 250 ISO=— 050 * 90
R I S S SR SRS SR R A W + o 1non N |
_ A9’ Ton an Lr |
aN9_1X3 AEE aand |
Hoerimd I
I
I
o I
sreasp 03 eptno s, 1 1ey004 30 G0T ‘Bd 90§ |
A8y 1X3 £1ddns 18mod 19w peIEaTRRd |
I
I
I
I
I
I
I
I
I

aNDO  A§'1TQAAG AST AOAD ASE aaAd

|
|
|
| bdl oldlL SdL vdl 6dL 2dL 9dL
|
|

3

AZL-OlavY AZL-OIVY

Tl FoTE S W0 g ToMOJg

aNOV LLOW anNoa  aNoTIx3
iy by

[ X _6a I R VI,
| AL a3 a3 a3y a:n a3y a3g| a3y an NReERlY ECNCEN]
| zia a 4 8a 9a €1a
I
I
| igaT sTY3 103

1 e asnw 3 & Sb og AL L 0oL Ly
I v vy vy ] v )
I
! gL ION ASTION  AZLOIavY  AZLOldve A€ OAQ A8 1X3
I

Iomog oipey

anoa aNo_Lxa

or

g PV €ON
Treo ToN 283+
+asuos [
1 #non
+nop +uA

1 AR )
$1 +NoA +UIA
A8y 1X3

0313 A 4noge
g ¢
S 8
117
0373 A00} 4n00L

anea

I
I
I
I
AZLTOIavY €l ”
8
g a2 !
g ;=o>3‘ucv,> aNg %m 3 |
L2 % |
AzLGlavE  m » 2 |
o HOMO 15—
ﬁ‘ 10 on % 699 + 2 |
anea m I
HNOA +UIA m |
I
zin Ag7 1x3 I
I
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ |
popssu 31 1078

sebeaton 36

Atpe o1 pasn
Junol 10N °d

92 ON

o
%—g{ 9 ON
¥—g] d3L

£1NOA

w1 o

Ag'L"aana

»—p{ N3
T
kX
T

€1NOA

[
o

ZLNOA

wot

Ag'7"aana

5[ ZLNOA

usT 8
e

- HLnoA
LLNOA
5 HLNOA

raven

pARY] oLy Y]

WN NN WN
ziy iy €Ly

raven

ravin
ISNISEN |7

3SN3SZA oz
A d|l

+NIA

Ag'€7aanAa

on

aNo1x3

°
3
0373 A001 4n00L

A8y 1x3




66

TAP Wireless Interface Board Schematics

—

AzL-"olave Az Olavd

ECCIE
anea a
08
£€2l_Lolavy Ll 19_Lolavy
2zl Loiavy 3 09" LOIavY
121 rolavy L 65 tolavy
0Z1_ToIavy El 85 T0IGvY
6LL_LOIOYY kL 4S_101avy
8L1_LOIOvY 0F 95_10Iavy
L1 1olavy ﬂ SS Loiavy
9gLL_Lolavy 14 ¥S_LOIQYY
Sl _LOIgvy e €5 _101avY
FLL_toIavy 25 1oiavy
€11 1oIavy 1S 1oiavy
2Ll _Lolgvy 0S_LoIavy
11LLoIavY 6b_LOIava
oLl_Lolavy 8y_LOIavy.
601 LOIOVY Ly 1o1avy
80L_LOIOYY 9v_1OIQvY
£01_10IavY SbLOIavY
90L_LOIgvy vy _LOIQVY
SoLroIava € tolaval
01 LOIvY Zv_1oIava
£0L_LOIavY 1v_10IqvY
20L_LOIgvy 0v_LOIQvY
101 L0Iava 66 LoIava
00L_tolavy 8¢ LOIavY
66_L0IaVY €_101OVY
86_LOIQVY 9¢_LoIaval
76 LOIavY Se_roiava
96_LOIGvY 7€ TOIavY
S6_LOIavy £€_10Iavy
6 LOIQvY 2e_LoIavY
€6 10Iavy Le Loiavy
26_101avy 0€_10Iavy
16_10IqvY 6¢_LoIavY
06 LOIQvY 8z LoIavy
68_LOIQYY Lz_101avy
88_LOIOVY 9z_Loiavy
48 1010V Sz_Lolavy
98 101avY e 1o1avy
S8_LOIgVY £2_10IQVY
¥8_LOIavY 2z LOIavY
£8_101avY lg_LoIavy
28 tolavy 0z_toiava
18 10IavY 61OV
08_LOIQVY 81_LOIavY
B6L_LOIQVY LL_1OIQVY
827 10IavY 91" roIava
77_10IavY SI_ oIV
9._LoIavy. rl_LOIOVY
S._101avy €1 _101avy
V2 tolavy 1 LoIavy
€7 T0IGvY TT_toiavy
2L _1o1avy 0L _LoIavy
17100V 6_toIavy
0L Lolavy 8 Loliavy
69_LOIaVY Z_101avy
89 _101avY 9_1o1avy
79" 10I0vY S_roiavy
99 LoIavy v Lolavy
S9_10IavY. £_Lolavy
¥9_10IQvY Z_L0Iava
£9_LOIaVY L_lolavy
29 Lo1avy 0 Lo1avy

st

AzL-olavy

4

o
(0]
a

19_00I1avY

09_00IQvy

65 00IavY

85_ooIavy

25_00Iavy

95_00Iav

S5 00Iavy

¥S_00Iavy

£5_00IQvy

25 00Iavy

1§ 00Iavy

05_00Iavy

6v_00IQva

8¥_00Iavy

I oolavy

S%_oolavy

S_00Iavy

b¥_00Iavy

€ 00Iavy

2v_oolavy

1 ¥_00I1avY

0%_00Iavy

6€ 00I1avY

8¢_00Iavy

£€-001avY

9¢_00Iavy

S€ 00Iavy

¥€_00Iavy

€6_00Iavy

2€_00Iav

1€ 001avY

0€_oolavy

62_00Iavy

82 0olavy

1z oolavy

Sz 00Iavy

SZ_oolavy

¥z oolavy

§¢_oolavy

2z_o0Iavy

12_00Iavy

0z 0olavy

61_oolavy

81_00Iavy

Z1_00lavy

91 00Iavy

Si_oolavy

71_00Iavy

£1_00Iavy

z1 0olavy

1L_ooiavy

01 _0olavy

6 0010V

8 001avY

2 00IavY

9_00I10vY

S 001QvY

¥ 00IavY

€ 0010vY

2 0010V

1_00I0vY

1.1

Jiavy  AZL-"olavy

0 001avY

T




67

TAP Wireless Interface Board Schematics

T T eoug
1x s19peaH pieog opey
Aoy uoduoseq
PIe0g ¥Od4 - dvL
oL
Aysienun eony
anea 09LNNOO anoa
oo 09+ 08 fog
€21_£0IavY 123 w",f mw ] 19_€0Iavy
2Z1_£0Iavd 60 g |20 09 €0Iavy
12k eolava BIT 89 65 colavy
oo 90 9L |o7
021_€0Iavy 2 b 85_c0IavY
6L1_€0IvY SElolL  ee | SL /S _€0Iavy
811_€0IaVY 8T ey, Jz [BE 95 E0IavY
LI €oiavy ETT S5 €olavy
e I =
oLl €0IavY 123 m: wm S ¥S_€0Iavy
SLL_eoIaval U2 eyl ) €5 €0Iavyl
yLl_€0IaVY BOL) o0 11 |B 25_€0Iavy
€L €0IavY mm" vl 99 om 15 eoIavy
2Ll €0Iavy OF mmﬁ Mw 05_€0Iavy
LLL_€0IavY SOl lee 41 |5 6v_c0Iavy
0Ll €0IavY B8 00, 61 [ZE 8v_£0IavY
601 €010V WL, o [8F Ly €0Iavy
L% Py
801_EOIOVAl 5106 b | 5% S_E0IQvY
£01_£0I0VY S 166 oz |- Sv_E0Iavy
901_€£0IavY 66 O vy €0Iavy
501 goIavy LGN B -
oo | 28 % fog
%z
¥01_€0IaVY LS 8 2y_coiavy
€0L_£0Iavd 8105 o |8 17 €01V
201 €0IaVal T |90 o [BF 0v_£0IQvY
101" €0IavY L Y 12 6€ €0IavY
e A
001_€0lavd o 6.8 8€_c0IavY
66_£0IaVY L [ 73 £€_€0IavY
86_£0IavY T lve o1 [F 9¢_€0Iavy
16 €0lavy T8l o op [0 e colavy
L12 PA 4
St -tov | Sf ttovy
¥6_€0IavY 2 RS 2€_€0Iavy
€6 £OIavy 243 g
R 1€ €0Iava
cﬁw_ [ oﬁq
26_£0Iavy 12 Nmﬁ Mw 12 0E_£0IaVY
05T
SRR e
P 82 £0IavY
68_c0Iavy 2] mmﬁ wm VE Lz_£0iavy
T5T
Js-toiv o el o 52 Soiv
98 £0IavVY soT| e i
AL R 2 eolavyl
S8_£01avy. 5T mmw mm 8 £2_£01avY.
Mm Moa«m Mm" 6oL 0L mm 2z_colavy
28 £0Iavy G P R 1) ool
201 02 €0Iavy
oo 9 oz
syl ¥8
T il
e mne | |t
6._£01avY EET mﬁ mw 09 LL noa<m
8 £0IQVY mm" oL Lz mw 917 £0IavY
£ £0Iavy BET wﬂ mm €9 1_€0IavY
9/_€0Iavy V16l os |52 1_€01avy
S/ £0Iavy LV oer 2o [OE 1_€0I0vY
72 eolavy 3 L €0Iavy
o I .74 £V c0Iavy
€Z_colavy o P T E0Iavy
2/_c0lavy BET & L_£0Iavy
|/ £0IavY T mm,f mw L €0I1avY
0L colavy LU iy 0 s colavy
16 23
69_cOlavy o ARl Z_£0Iavy
89_€0IavY 242 wﬁ amv 8 9_e0Iavd
19-colavy A PR 3 S coIavy
99 €OIavY mmm 98 9 oq v €0Iavy
S9_c0Iavy 8 wmf Mw 144 € €0Iavd
9 £0IavY Zet Li2 Z_£0IQ
£9_€0Iavy Vot mm, mw i2 1 mo_nﬂm
29 £0lavy vm I8 L —q 0 €olavy
62
9 [£21:0] £0IQVH mmmnd

AzL-"olavd  AzLTOlavy

AzLolavy

AzL--olavy

9

lez1:0 z0Iava<=

anga 09LNNO anoa
sor 09 08 g
6yl 6
€21_zoIavdl 143 23
2gl_colavy 1 B mm wm_n_(m
1zk zolavy Ci g s
T s, oL [ & 65 colaval
syl ze
0z1_zoiava L2 A 85 ZoIavy
611_¢olavy 420 e i3 15 2oIavyl
8Ll 20Iavy NN" gel g9 |or 95 z0Iavy
211" zoIavd LA ) mm S5 colavy
8L 0
9i1_¢oIavy BT o0 ez |08 ¥S_Z0Iavel
SLL_2olavy 42 BC £6_zOIavy
Ll zoiavy i O
- 25 Z0IavY
€11 colava ST ] g5 oo | B 15 ¢olava
123 99
801 sz
Zl1_zolavd B0 ] 6o o 05 Z0Iavy
111_20Iavy 513 L) 6v_¢Olavy
0LL_2oIavy a2 B
% <ol 8vZOIavY
601 colavy ELH Iy L v colavy
T Z0Iave 123 A
e e Sv_ZoIavel
£01_20I0vY © i Sv_Z0IQvY
901_20IavY L A 7
501 colavy o B Ssoie
LA € 2OoIava
66 0l
$0L_2oIavy B61cg g9 | O 2v_colavy
€01_20IavY ECH poarog L Ly 20Iavy
201_¢olavy 60 80 [ 0b_cOIQvl
101 2oIaval e e |59 66 ZOIavY
LA
00}_2Oolavy Ulo0 g 8€_zOIavy
66_20Iav 00T ] 26 7 1€ 20Iavy
86_¢OIaW: £
16 Noa<m L P s i
sz v [ ¢ colavyl
v v
96 ZoIavy 76 id V€ _ZOIavy
56_2oIavy il oot S soivy
¥6_20Iavy L_F Y K4 2€_z0Iavy
€6 colavy oo € 1€ 2olavd
oz ov[or
443 0
26_colavy 68 mw MM B 0F_20Iavy
16 0oIavy B ©. 62 coIavy
36 coravy o B
ol o6 8¢ colavdl
% vl
96 i)
88_20IavY SOV wmw MM €. 9z_z0Iavy
£8_Z0Iavy ]
s 0 SZ_20Iavy
98 zolavy :m e FM vZ colavy
5L e
58 _zolavy £13 T
22 Z0I Sl vor oo €2 zolavy
¥8 oy ua Py n 22 20Iavy
S0 colavy 128 i R 12 ZOIavY
oL oz 02 ZoIaval
O ovr vz |52
423
mm wo,u«m LA mm 61_cOIavy
6._ZoIQvY 2 e oty Tisoiov
82 20IavY o e[ 91 ZoIaval
T
0sL €2
77 ZoIavy 05T g
2 200 Lo Si_ZoIavy
oL oy el 2600 vl ZoIavy
] %z €1 20Iavyl
vL coIavy 12 S
% ol zizolavyl
Fleer oo o
€2 zoIavy 242 8% 112
22 2oIavY iz BN S-S0
1/_20lavy 142 mm" oww OTT 6_20Iavy
0/ zoIavy OET &)
w6 1 8 colavyl
15 123
veL ge
69 ZoIavyl 3 T 7
89_20IavY Ber| 52 0% [og 9 Mwﬁm«m
B O s 6€b v |7
L o S 2Olavy
99 zolavy Tlos o |87 v zolavy
o8 g
8L oy
S9_zolavy 143 id
¥9_20Iavy 1 A i m wwﬁm«m
£9_OIavy 1 FEA A
Nl LA P i 1 Z0Iavy
29 colavel 43 A 0 zolaval
EZ
AzL0lavd  AzLOIavY AzLOIavYd  AZL-OIOvY

T

z




68

TAP Wireless Interface Board Schematics

T
z
7 EECIE | I ® I g T m
1x
roy uonduoseq
AN PIEOG VO - dVL
DR S
Ayssonun eory
anea 61108 L2101
ano anea 61198 L21ql
anNo #yMa = ano
ane Aol i —— B e g -
ano A I G ano bl o — R e
ano e [ B9 eme lves @ ano il o a— A S
QNS 5T /WmanvEs s aNo ] e — A
aNo ano EL— T RN
aNo .
ano e —— OO e o .
ane o [TF eI s S ano I | — O R o
aN9 WAoo eSS ane . —
ano =¥ V30 lvEs ¢ ano REr] - — SR A
ano . [Fa———————’\30 0AvaS §
aNo HOGps—————————————>»0 s § e o .
ano #aUAQY - ano Fps—————— M0 0AV¥S §
anNo v I — 4 A ans saunay
ane o [H MM s S ano AV — QUAQY ONVHS S
ane o | P8 30 Wvus 5 ano el I — U KA
by - I 81 LAVES § ano o [0 ohwes s
T ————>»d3315 vas ¢ ] i E— AR
el 7L >)d331s oAwss §
ved JQ‘N: v sea
€£a Au‘m v vea m_ SEa_ONY
280 o3¢ v €60 [ 7€0_ONY
req oY 28 | og €60 0NV,
080 |oR—ped-HAY lea €0 0NV
620 - N—gz¢ v 06 |48 1€0_ONV: N
82 |opr—osd-HY 620 |2 0£Q_ONV N
£20 |5 v 820 | LV 620_ONY. N
&3 [ ] R —
>—pg{ L4TON vea SZQ LY, R S50 0NV
75| L07ON £2a Nu... 2 v: >z L4TON vea |y Sza
fomi:m M eeq Hr—ld Y >3 L07ON £2q [ Ye0 0N
X9 FAR 120 |21 >%—7g{ L8_ON zza £20_OWY:
fomm | o 020 [-r5—55¢ %—gr{ 9N_ON vza [0 220 0NV N
X5 .S.uZ 610 f73— 17 %—gr{ 9L ON 0za va 120 0NV N
X jww_q 810 |3 “ 5| SN_ON 610 {7 020 0NV
foman PN sorE v fomium ST 810 |77 G
>—py| PYON s1q 29 v X—pq YA ON sa aonv
¢ EnCoN via |29 v s o0 TNy
2N ON = v fomua PASN $4a g g
X o €10 |o3 | EN_ON 10 (g a_0WY N
o2 ey 210 fo7 Y X ZN_ON [tey K Q 0NV N
b2 o 140 gy v %—Z{ 2LON 210 fo7 a_0WY N
fomz fens 010 75 v —p7{ HLON 110 |55 q_OAY N
%5 FOON 60 [ory V. X—rg{ WON oa [-75 q_ONY
g 8 ON 80 [ v >y VOTON 60 a_0NV
20 (g 7 %—1g{ V& ON 8a | oH d_ONY
90 gy v: .0 Mn a_ONY N
sa (77 v oa [5 ONY; N
¥ g V: Q{77 a_ONY A
€0 oy v va [ a_onv N
20 fgx v ca o q_OAY
1q NSO afon 4 oNv
00 [rg—5 3 ra [N 4 0NV
Ly v SHlecola LNvES § 00 {7 19 OHy \
oaan oy [ 72 VLY, L B N [s:00 ONVAS §
©aaA S1v |-gr—olY LY oaan ary [ 72 Y ONY
mmm> 7LV o V_LAV: 0aan SLY NM V_ONY.
oaan v [ e Badn VST oY
ELY V.
A by T oaan oy [ v oy
_un_a» OLY [T 7 M Daan Ly Lor V_ONY:
° 6V [ R 0aan ow [-or Y ONV N
aan 8v v ©aaA ov [ox Y ONY N
oaan Y o v_LINY 0aan 8y V_ONY.
9 | Y u oaan o |5 V_ONY.
Y
aan v v ¥ Y
aan v [y V_LAY aan v [ v ORY
ma> oV ey « v: aan ev mm V_ONY N
an IMe o v aaa v e V_ONY. N
mm» O [y aan Jivg e 2v_ONY N
§ YLV LNVES  § mm» o I va m« mx«
A€'€700Na ot _ S>> [21:0V 0NvES 6
A£€7a0Na 5




69

TAP Wireless Interface Board Schematics

T R 7Y

7002 "1} 1990100 "AEpUoN

X
Aoy

(uopeinByuod vodd) 40 Iovwelsis
vonduase@

PiEOg YO - dVL
o

FTORI

KRussonun 201y

anea

A€
A€ AaAd

anea

e T

N33¥9 @31 2a

— AN
azy a3 a
aana

7 EeM10 FOoVSASK—IEREE A ]

#1353 JOVSAS

)

L 1017940 FOVSA

121

£ 001_940_FOVSAS g
L 3017940 3OVSA o8
ouwzoo £ SINL™940 IOVSA °g
5
v 20T
€ _ TOT
£
v anea
o e€aana £y 24
aNod L 0QLLSL_30VSASKS— Ot
£ 1011S1 3OVSASK—
L OLLSI”30VSASS— o5
L SWLLSL 30VSA! 7
o8
1 59
) SIPZ
¥dIa MS
57
== v
o ==
= gor
I 6
) LMS AL V6
? z
L «oomuummowmo,\?mM Jﬁ%“ T
reeaang L #LINI940 30VSA VY El
AL KT L
re'€7dana 43
50T
_ AL zd 5
re'€70ana 2
)
T
T
Ag'€7a0Na

ZZZZZZZZZZZZZZZZZZZZZ
5556560606566666006660600
NS LI o

Roo8RRBRY

a3vis
[eERNINE]

1353y
310

101940

001940
301940
SW194D

0aLLSL
1LLSL

MOLLSL
SNLLSL

1531 d0d
1353y ¥od
SSVdAE ¥0d

24aavo40
180aY940
04aavo40
NId3aOWS40

90¥d940
LINIDO

zzzz

SLadn

3040
93440
LIVMAD
Im40

1a240
20040

13040
23040

§1a40
y1340
£1040
21040
11040
01040
60040
80040
20040
90040
50040
#0040
£0040
20040
10040
00040

01Y40
60Y40
80v40
20Y40
90V40
S0V40
$OY40
£0V40
20v40
L0V40
00v40

v OV
id N30V
Lid Id VS
0 d OV
15 d V!
2] d o)
€5 ERERY
95 a V!
i W30V
65 V!
09 dW 30V
19 Id V!
£ d OV
€9 ERERY
59 d OV
99 ad V. > [61:0ladW 30VSAS €
132 VAN 30V
jid Vd V!
S Yd OV
79 VAN 30V
B89 vd OV
69 VdN 30V
U. Vi v > [9:0lvdN"30VSAS €
- DYIdN_3OVSAS €
7 30dW_30VSAS €
z MW IDVSAS €
& AQHEdW 3OVSAS €
° 30dW 3OVSAS €
193008 useld Peduioy anea
30 aNo
2 5 ano HE
(23 i4
TET 9
100
€07 9] za:
T Ea ke
130
61T 73
o e 230 MO |
QYOI [
sia
:123 L8 ot
123 %l eia
423 5120 A 57—
i % lia  asamay 2
oa SN X
4 71600 TSA X
7 751800 20A8 X quoq
C 5 200 LOAS [gp—x
o o 900 HOVeNI |-p—x
T 12 wmm
90F 1 £0a b L IN
23 o0 ozeh &2y g
g % 110a 1380
T5 00a 13534
- o M
s U] Sov
UET 123
2  zov
VEL | 30V
2 1 sov
ZET ot mm«
BET U] Zov
L343 o vov 207
i o oov 20N o {
= |
A£€70aAa

AL'S
€2y




70

TAP Wireless Interface Board Schematics

z T 3 T v I s
anea
1x siopoedeg Buydnoseq
uopduoseq I0L¥00 | 302700 | Inz700 | I02v00 | k00 | In2v00 | Inzv00 | 00
e anea IR e RS B R TR e T R I
B PiRog YO - VL T T T T T T T T
> omL
Al ol
¥ Aysionun sony 1120+ IhZ700 T In2700 T 4nzv00 | h2v00 | nZk00 | Inzvo0 | anzv00 T Iniv00
FUR ey RE R EL TR e R B T RS I
T T T T T T T T
Ag€aANG
anea
T FL700 | ILv00_{ AZv00 | nv00 | Z¥00_| J2v00 | nvo0 1 anzro0 |
Fez | anez | aee | dwe | dee | daee | aee | aee | 9wz | AT 8820=— 6800 /820~ 06ZO—— SBCO—— 9BCO—— YRZO— I62D:
[mm T TS TS T o T T T m T T Ty oo sl T L T L e L G L L T L L T T T T T T T T

T T T T T T T T T T

ANv00_| dnZv00_| 4nZv00_| INZ¥00 | dNZ¥00 | AnZv00 | AnZv00_| dnZv00 |
anzz anzz anzz anzz EN%d ez anze anze anzz anzz 1820 2820 0820 €820 8120 6120 2120 2620
omNoLI woNUIHI mwmulHl vauIHI NomolHl wmmolHl omNOIHI ENUIHI NmmulHl ommulHl T T T T T T T T

T T T T T ¢ T T T T

| I
| I
| I
| I
| I
| I
I ANLHO0 | ANIv00 | 400 | SnZv00 | 4NZb00 | AnZb00 | AnZb00 | dnv00
” | Ag'€700Aa Ewo+ 2~o+ :No+ oﬁo+ 8w0+ BNO+ «20+ ma~o+
I | anea
I ! - . . - = = - =
ANZp0 [ A0 | dnevo | dnZv0 | Anzv0 [ dnzv0 A0 | dvo |
! SALF00_| JMLK00_| nZK00_| NLR00_| | 22e0: 1280, 02€0; £260; 90£D: S0ED: 0€D: 10€D: SNLF00_| I0ZK00 | InZk00_| I0ZR00_| INZK00 | SNZk00 | ANZk00 | InZk00 |
! 1250: 22v0: 0250: £2v0: T T T T T T T T €120 7120 2120 5120 01.20: 1120; 6020 9120
I ! T T r T T T T T
| ! GNZV0 | dnv0 | d4nZv0 | dnZv0 | AnZb0 | dniv0 | dnZvo | anZvo
| |+ +ase0 ur 2snf g ‘papssu aq 3,upTnous sdeo asayy ! EnolHl tmolHl EnolHl m;olHl NcnolHl EmulHl E_nolHl SmuLl
| ! T T T 1 T T T T FLG0_| NL¥00 | K00 | IR0 | AZR00_| AZv00_| A0Lv00 | 00 |
| u:N.NlHl ang NIHIuE.v.oIHIuEv.oLI | 2€20: €€20; 1€20: 20! 6220 0€20: 8220 S€20!
| 56v0 vv: 9L¥D: 6L40: I ILY0_| ANZv0_| 4nZv0 | 4nZv0 | 4nZv0 | anZb0 | AnZb0 | A0b0 | T T T T T T T T
I I ZnoJl SmolHl N;ulHl m—molHl nﬁolHl ENolHl wﬁolHl mmmolHl
'xg'1"aana A5Z°aaAa | ANZY00 | ANZ¥00 | ANZ¥00_| ANZ¥00_| ANZ¥00_| ANZ00_| AnZp00 | AnZv00 |
! | Anzv'0 4Ny T dnavo | dnzvo | dnzvo [ dnivo A0 | dnavo | 5220 9220 ¥220; 2220; 2220 £220: 1220 9£20:
! i i ikt wiksics wikics wlkiice wildice niisis wilisio T T T T T T T T T
I
| i r _ Ag'€aaAa
! | 105700 ssed&g x ODDA ¥9Ad
I
[T w), ”
|| @wo—= esvo—— \evO—— esvO—— | _ o __
I anod
T anea
| NS
! FIvo | o | anozz L anozz L anozz L anozz L Tz | dwe | ez | dee | awz | dgz | dee | ez |
£9bO: 05v0: 9€0 I_l‘ 1€0 I_I’ 8160 I_|+ 61€0 I<I. 0€L: 6210 8210 9210 1210 52L0: 9LLD: PLLO:
I T T T T T T T T T T
I - asnf ang anea
| popesu o 3,u sdeo_sssur IH\
agz | dnee dnoze INIY00 | 00 | InZv00 | AnZb00 | NZb00 | AnZv00 | dnv00 | 4nZv00 anuy'0 [ Ao ALY | dniv0 | 4nZv0 | dnzv0 JAniv0 | 4nivo
| ;5+ o:a+ $1€D I_I’ mmmu+ Emo+ ~m8+ mmmo+ mumo+ mmmu+ mmmu+ Smo+ mmmo+ Nm8+ _So+ 26+ Evo% ~=5+;mo+ «m8+
I
| AzLOIGVY  aNOa ;.m\oﬂo\ﬁ_ dngyo [ ANY0 [ dnZv0 | AnZv0 | Anzv0 [ ANy [dnZvo | Anzv0 |
! nzrolavy T SNLY00_| INLy00 | INLv00 | INLy00 | InZy00 | InZy00 | InZ00 | 00 | 06€D) 68€0) 60v0: 8040 00v0: £0vO = —B8ED: S6£0
! zv0 1 anvo | auvo | aivo | 8YE0T— BYEOT— LYEOT— 0SLDTI— SYEOTI— 9YEO— PYEOT— ISED: T T T T T T T
” dNLy0°0 [ dnzp0'0 T dnzv0'0 | ANZbo0 | 2vED; LYED; e EYED: T T T T T T T T
16¥D: 87v: 9rvO: 6vvO:
I T T T T
I V0 | 40 | 40Zv0 | AnZv0 ILY00 | 9700 | 402900 | 02600 | AnZk00 | AnZv00 | 0¥00 | 200 4nzp00 [ANLF00 | AnZv00 | MLv00 | w00 | 902900 J0[¥00 | 000
I 1 al 88+ RS+ wmno+ mn8+ $8+ $8+ $8+ %8+ E8+ mw8+ $8+ E.8+ mmno+ mamo+ 83+ BB% 38+ %molHl mno+ SS%
I E R S
I 2rv0: SPvO:
GNIV0 | 4v0 | a4nZv0 | aniv0 4nzp00 [ANIY00 | ANZb00 | ALv00 | dnv00 | GnZp00 J0Ib00 | dnv00
| ++-ase0 T 3enl 3nq i «mmulHl mmmulHl NmmulHl mmmuLl FLY00_| INL¥00 | INL00 | I0Lv00 | INZy00 | INZy00 | AnZ00 | 00 | EmoLl Nmmolﬂl §u|H| mcalHl $mo|H| »mmo%mmolﬂl SmolHl
1 papaau oq 3,uprnous sdeo mwzlkwl al | aomolHl —wmolHl %nolHl «wnolHl EmulHl mmnolHl cmmolHl N\.molHl T T T T T T T
2z | dee 1
! 66v0: 8€v0 IIY0_| 4v0 | anZv0 | anivo AzLOlavy AzL"0lavy
! T T o e e e | secdona o oomweeew o oo a
i AzLOIavY i T T T T R
I AgZaaAad Ag'€a0AT ssedig spieod OTp®Y ” anea n_zﬁwn_
R Vo T v . . . . i
dnee [TaweT | dnee | dee | dwe | dwe |
! dnoy 0Z1L0: 8110: 6410 10 SHLO: €410:
I 1210 7 T T T T T
e | | T
! I I H anea A5'4"aaAa
I INS
” I S R Ry R e R e R e R Ry
AMv0 | anvo | Jnzvo | anzvo £910: 910 2910: 91: 6510: 0910: 810 1910;
, oo L R S R R 7 R i ulliniis uilithio ulliitie ulistits ulliiiis uli w
| O T T T
| oo e 1ee a0 | | Ao | I 1o | ILY00_| INL700_| INLv00_| INL¥00_| INh0 olHln_E.E.olHluEve.olHluﬁvole
ANLKO0_| dNIy00_| dnv00 | dnZp00 | AnZv00 110 SLLD: PL10: 2210 510 510 £510 910: 1510 2510: 0510: it
! reTBinG as% gg% gg% _5+ gg% . TS0 T 4T ST _FIOT T WoT o W o s
anoa
e , e LA L el IAV00 | 92900 | A0Zp00 | ANZk00 | ANL¥00 | V00
V0 | 40 | a0Zv0 | AnZv0 ANLH00 | dn[v00 | 000 | 900 | 400 I | i L24D: 0410 €410 ILP00_| 00 J J ¥ i i
! E—olHl 86|H| %—olHl 86L| wm.ulHl E_olHl @EolHl mm—olHl mm.uLl I I 1 1 Ju mzolHl z;olHl wzolHl mﬁolHl aﬁolHl .zolHl mn.olHl S.oLl
! T T "7 T T - T T T T T T T
I I
| 0¥ | aniv0 | dnvo | anivo ANLY00_| ANLy00 | nv00 | I2v00 | Aniv00
I S_u+ mm6+ 85+ 55+ «m_o+ mm_u+ Nm6+ §Fu+ como+ ” ” r T T T T INL700_| I0Zk00 | I0L¥00_| InZk00_| INZY00 | INZ¥00 | ANZk00 | AnZk00 |
I 9€10: 2810 SELD 8€10: €610: ELD: Z610: LELD!
T ' xgiTaana T T T T T T T
r§zaora g NLnrnSn_ ” ” o _umm_é
| —
I sutd xsmod ssedA [ -
L (surd zsmod 8c)_ ssedd g X0V O0A ¥odd b (sutd zemod 9g) ssedAg INI DDA VDI




A.2 TAP Radio Board Schematics

Following are the 8 pages of schematics for the TAP radio board.
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TAP Radio Board Schematics
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Appendix B
TAP Wireless Interface Board Users Guide

B.1 Board Overview

The TAP wireless interface board is a 8”x8” PCB built around a Xilinx XC2VP50
or XC2VP70 Virtex-II Pro FPGA. Figure B.1 shows a fully assembled board. The
following sections detail the various components and configuration options on the
board. For details on the design of the board, including details on features and

possible applications, please see chapter 3.

B.1.1 SystemACE and FPGA Configuration

The TAP wireless interface board uses Xilinx’s SystemACE CompactFlash solu-
tion for managing the configuration process of the FPGA. The System ACE chip acts
as an interface between the FPGA and a standard CompactFlash slot. The Sys-
tem ACE automatically configures the FPGA on powerup or when the manual reset
button (SW5) is pushed. Multiple configuration files can be stored on the CF card.
The SystemACE chip reads a 3-bit address from a DIP switch (SW1) to choose one of
eight configuration files. The fourth position on the DIP switch, labeled CFGMODE,
should generally be set to 1 (slid to the right).

The SystemACE chip has two JTAG ports. The first, labeled TSTJTAG, is used

to access both internal registers on the chip itself and the target FPGA. The second,
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Figure B.1 TAP wireless interface board photo

labeled CFGJTAG, is the port used by the SystemACE to configure the target FPGA.
Both ports are routed to 6-pin headers on the board, suitable for connection to an
external programming cable. Adjacent to these headers are four jumpers. When
mounted, these jumpers connect the FPGA to the SystemACE’s CFGJTAG port.
Removing these jumpers isolates the FPGA from the System ACE controller, allowing
use of the FPGA in cases where the SystemACE is not available or not desired.
Two LEDs are driven by the SystemACE controller to display configuration sta-

tus and error state. The green LED blinks during configuration and glows steadily
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SystemACE SystemACE
CFGJTAG TSTJTAG

Port Port SystemACE

Jumpers

SystemACE
Config Addr
SystemACE
SystemACE Reset
Status & Error LEDs =l
SystemACE ' —
CompactFlash . ’ SystemACE
Slot = T
; OO : |
=MB ¢ 3
: i

Figure B.2 SystemACE and FPGA configuration

afterwards. The red LED blinks when no CF card is found or when some other error
occurs.

On the first revision of the board, a discrete pull-up resistor is required on the
FPGA TDO signal. This is accomplished by connecting the jumper at J3 to 3.3 v

through a 1 k2 resistor. This resistor is shown in figure B.2.

B.1.2 Power

Three Texas Instruments PowerTrends power modules are used to regulate the
voltages required on the board. One module supplies the three voltages required by
the FPGA; the other two supply +12 v for the daughtercard slots. The inputs of
all three modules are tied to the power jack shown in figure B.3. This jack must be

driven by an external DC voltage between 36 and 72 volts. The external regulator
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should be capable of supplying at least 20 watts. The jack accepts a standard barrel
connector with a positive tip and grounded sleeve. There are two linear regulators
included for powering the MGTs. These regulators are required to meet the tight
noise tolerances of the MGT power supply pins.

3.3/2.5/1.5v -12v Daughtercard

FPGA Supply Supply

= e

g 110 o || R

Power

+12v Daughtercard Jack

Supply

Figure B.3 External power and voltage regulators

The board includes test points and LEDs for every voltage plane in order to quickly
identify any power problems. Each LED and test point is labeled on the board’s
silkscreen. Every power LED should illuminate when external power is connected.
If any fails to do so, immediately disconnect external power to avoid damaging any

improperly power components.
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B.1.3 MGTs and Digital I/O

The eight off-board MGTs are routed to HSSDC2 jacks along the top of the board.
The jacks are labeled on the board as “MGT #1”7 though “MGT #8”. Depending
on the speed grade of FPGA mounted, each MGT can communicate at up to 3.125
Gb/s. Most builds of the board will use the slowest speed grade (-5), limiting each

MGT to 2.5 Gb/s.

Multi-gigabit Transceiver

HSSDC2 Jacks
1- } ! | = " 3% '
/- g '

MGTs #3-6 Rx Termination Digital I1/0
Voltage Jumpers

Figure B.4 MGTs and digital I/O

MGTs are designed for either DC-coupled or AC-coupled connects. In the case
of DC-coupling, an MGT’s Tx and Rx termination voltages are both tied to 2.5 v.
For AC-coupling, the Rx termination voltage must be 1.8 v. On the TAP wireless
interface board, MGTs 1, 2, 7 and 8 are configured only for DC-coupled connections

to other TAP boards. MGTs 3-6 can be individually configured for AC- or DC-
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coupling, allowing their use with other non-TAP hardware. The termination voltages
are set by the jumpers shown in figure B.4, labeled J13-J16 on the board. A jumper
must be installed for every MGT, regardless of whether it is being used. Mount a
jumper on the upper pair of pins for AC-coupling (VTRx=1.8 v). Otherwise mount
a jumper on the lower pair of pins for DC-coupling (VTRx=2.5 v). The board has
labels printed in silkscreen to aid in choosing jumper positions.

The board also includes 16 bits of digital I/O routed to 0.1” header (J111). The
header has four ground pins, tied to the FPGA’s DGND, at either end of each row of
pins. This header is routed directly to FPGA pins; the direction of each pin should
be set in the FPGA configuration. The user must be careful to avoid drive fights
between external sources and FPGA pins configured as outputs. See table B.2 for

the FPGA pin assignments for these signals.

B.1.4 User I/O

The board includes a number of interactive I/O features intended to speed algo-
rithm development debugging in hardware. Four LEDs, three push buttons and two
hexadecimal seven-segment displays are provided. All are routed to dedicated FPGA
pins. The push buttons include a RC circuit to debounce the mechanical switch.
The hex displays use the signal mapping shown in figure B.5(b). The FPGA pin
assignments for these components are listed in table B.2.

The hex display segments and LEDs illuminate when the corresponding FPGA
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Hexadecimal ——
Displays 5| |1
6
Push —
LEDs Buttons |, |
(a) User I/O Components (b) Hex Display Signal Assignments

Figure B.5 User I/O

pins are driven high. The buttons normally pull the FPGA inputs low; pushing a
button drives the corresponding FPGA input high. The Verilog code below can be
used to map a 4-bit value to a 7-bit value which displays the corresponding hexadec-
imal value on a display. This code is adapted from a synthesis template provided in

Xilinx ISE.

output [6:0] hexDisplay;
reg [6:0] hexDisplay;

wire  [3:0] fourBitInput;

always @(fourBitInput[3:0])

case (fourBitInput[3:0])
4°p0001 : hexDisplay = ~(7’°b1111001); //
4°b0010 : hexDisplay = ~(7°b0100100); //
4°b0011 : hexDisplay = ~(7°b0110000); //
4°b0100 : hexDisplay = ~(7°b0011001);  //
4°b0101 : hexDisplay = ~(7°b0010010); //
4°p0110 : hexDisplay = ~(7’°b0000010); //
4°b0111 : hexDisplay = ~(7°b1111000); //
4°b1000 : hexDisplay = ~(7’b0000000); //
4°b1001 : hexDisplay = ~(7’b0010000); //
4°b1010 : hexDisplay = ~(7’b0001000); //
4°b1011 : hexDisplay = ~(7°b0000011); //
4°b1100 : hexDisplay = ~(7°b1000110); //
4°b1101 : hexDisplay = ~(7°b0100001); // d

L | [ [ | A | Y | | |
QT = O 00 NO O WN -
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4°b1110 : hexDisplay

4’°b1111 : hexDisplay

default : hexDisplay
endcase

~(7°b0000110); // E
~(7°b0001110) ; // F
~(7°b1000000); // O

B.1.5 Daughtercard Slots

The four daughtercards slots each consist of two 80-pin connectors. Of the 160
pins, 124 are digital signals routed to dedicated pins on the FPGA. Each slot is routed
to a different FPGA 1/0 bank, facilitating efficient allocation of logic resources. Table
B.1 lists the pin assignments for the 124 digital signals for each daughtercard slot.
The first column is the pin number of the daughtercard connector. Power and ground
pins are included in this list; the corresponding FPGA pins are listed as ”-”. This
table also includes the signals routed to each daughtercard pin on the TAP radio
board.

The four slots are functionally identical, providing the same power and digital I/O.
In the first revision, however, slot #1 can only accommodate daughtercards with no
components mounted on the bottom in the area beyond the connectors. This is due
to the height of the CompactFlash slot which sits beneath the daughtercard mounted
in slot #1. The CF slot will be moved to the bottom of the wireless interface board
in a future revision, eliminating this constraint.

Each daughtercard slot uses two 80-pin connectors from Hirose. The wireless

interface board uses a receptacle with reinforced metal tabs for mechanical stability.
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Daughtercard Daughtercard
Slot #1 Slot #4

$um
VIRTEX-1!
RO

Daughtercard Daughtercard
Slot #2 Slot #3

Figure B.6 Daughtercard slots
The daughtercard uses the matching header. Both receptacle and header are 4 mm
tall. The receptacle is Hirose part number DF17(4.0)-80DS-0.5V(51) (Digikey part
number H2379CT-ND). The header is Hirose part DF17(4.0)-80DP-0.5V(51) (Digikey

part H2407CT-ND).

1.923" 1.005" .,
!Wmm"=fo 046

s

4

a1
Tmn—m"m

0.735"

Oriented for Slots #1-2
Viewed From Above 0.883 & [Towards
Connectors are on Bottom < 0.1"| FPGA —

1.780"

. ‘IglulIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIxI§I|,_—

121 160
T

Figure B.7 Daughtercard dimensions and orientation

Figure B.7 is a scale drawing of the nominal size of a daughtercard and the location
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and orientation of the connectors. The figure is oriented as a daughtercard would be
in slots #1-2. The connector pin numbers match those used in the schematics for both
the wireless interface board and the radio board. Distances in the figure are measured
relative to the center of pin 1 on the upper connector. The distance from pin 1 to
the right board edge must not exceed 1.005”; any excess would cause a daughtercard
to overlap the FPGA’s heatsink. The vertical size of 1.78” is also a hard limit in
order to accommodate daughtercards in adjacent slots. The size of the board left of
the connectors is flexible; any excess will simply hang over the edge of the wireless
interface board. The 1.923” dimension show in figure B.7 reflects the size of the TAP
radio board. A 0.1” mounting hole is located in the right half of each daughter card
slot. A matching hole can be included in a daughtercard to provide extra mechanical
support.

Table B.1 lists which pins are connected to ground, +12 v and -12 v on the wireless
interface board. Ground pins are connected directly to the ground plane used by the
FPGA and other digital circuits. The +12 v pins are driven by dedicated supplies,
isolated from anything on the wireless interface board. The digital signals connect

directly to FPGA pins configured for 3.3 v (LVITL) signaling.

B.2 SRAM

Two banks of static RAM are included on the wireless interface board. Each

chip is a 36-bit wide memory with 256k words. Each bank is an IDT 100 MHz
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synchronous ZBT memory in a BG119 package, part number IDT71V65703-BG119.
Zero Bus Turnaround (ZBT) is a bus interface which allows consecutive read and write
commands without any stall cycles. The two RAM chips are connected to separate
I/O banks on the FPGA. This facilitates using the chips separately or together,
depending on the needs of a particular algorithm. An application node and core are

available from Xilinx detailing how to interface the FPGA to these memories[22]. See

tables B.3 and B.4 for the FPGA pin mappings for the two SRAM chips.

B.3 FPGA Pin Mappings

The following tables list the mapping of signals to FPGA pins on the TAP wire-
less interface board. The FPGA pin numbers included here use the same naming
convention required by Xilinx’s tools. A Xilinx ISE UCF formatted version of the

complete pin mapping is available from http://taps.rice.edu/hardware.




Table B.1: TAP Radio Board FPGA Pin Mappings

Connector Radio Board Signal Slot 1 Slot 2 Slot 3 Slot 4

Pin FPGA Pin| FPGA Pin FPGA Pin| FPGA Pin
1 EXT GND - - - -
2 ADC_RX_DA6 C5 AC6 AL34 U31
3 ADC_RX_DA5 c7 AG1 AH32 V39
4 ADC_RX_DA4 D6 AB10 AD28 T34
5 ADC_RX_DA3 K4 AE3 AL33 V38
6 - - - - -
7 ADC_RX_DA2 D7 AC5 AJ36 R31
8 ADC_RX_DBS8 J3 AA10 AE29 T29
9 ADC_RX_DB9 J1 AB11 AB34 V36
10  |ADC_RX_DB10 E7 AD4 AE27 U35
11 EXT_GND - - - -
12 |ADC_RX_DB11 H9 AF2 AD29 R33
13 |ADC_RX_DB12 G9 AD3 AB30 R36
14  |ADC_RX_DB13 J5 AF1 AD37 R37
15  |ADC_RX_OTRB H3 AA12 AM31 R29
16 |EXT _12v - - - -
17 |ADC_RX_DAO H4 AE2 AD36 W27
18 |ADC_RX_DAT1 K9 AC4 AN31 V34
19  |ADC_RX_DA7 J7 AE1 AL37 T28
20 |ADC_RX_DA8 H6 AB5 AE35 Y36
21 EXT_GND - - - -
22  |ADC_RX_DA9 J2 AB4 AE36 W29
23 |ADC_RX_DA10 K8 AB6 AF31 u3s
24  |ADC_RX_DA11 J6 AD2 AF37 u30
25 |ADC_RX _DA12 J9 AA7 AT33 Y32
26 |EXT 12v - - - -
27  |ADC_RX_DA13 L9 AB3 AG29 V29
28 |ADC_RX_OTRA H7 AA4 AR33 P34
29  |ADC_RX_PWDNA H8 AA3 AT34 W28
30 |LED3 H2 AC2 AL31 N30
31 EXT_GND - - - -
32  |LED2 L8 AA8 AK31 P35
33  |LED1 F7 AA5 AF39 N39
34 |- K7 AC1 AR36 P37
35 |5PA_EN N10 AB2 AD30 L38
36 |EXT 12v - - - -
37  |2.4PA EN E6 AA9 AG28 P38
38  |ANTSW1 K6 AAB AN33 M37
39  |ANTSW2 D5 AB1 AJ31 T38
40 |EXT_GND - - - -
41 EXT 12v - - - -
42 |RADIO B7 FPGA K2 AE4 AR39 u37
43  |RADIO_B6_FPGA K1 AL1 AG39 E39
44  |RADIO_B5 FPGA P4 AF3 AC37 P31



Table B.1: TAP Radio Board FPGA Pin Mappings

Connector Radio Board Signal Slot 1 Slot 2 Slot 3 Slot 4
Pin FPGA Pin | FPGA Pin | FPGA Pin | FPGA Pin
45 RADIO_B4_FPGA N3 AB9 AC27 N35
46 EXT_GND - - - -
47 RADIO_B3_FPGA P10 AC10 AR32 W37
48 RADIO_B2_FPGA P8 AB8 AN34 V30
49 RADIO_B1_FPGA P1 AB7 AE34 N36
50 - P2 AF4 AH30 W26
51 EXT_12v - - - -
52 - N5 AC9 AH37 M32
53 - M3 AD6 AD27 V31
54 - N6 AC8 AU33 N34
55 - L6 AD7 AC33 T30
56 EXT_GND - - - -
57 - N1 AK2 AB39 L31
58 - N9 AE5 AD26 N33
59 - K3 AG3 AP33 J35
60 RADIO_RXHP_FPGA M6 AE6 AM38 M38
61 EXT _12v - - - -
62 RADIO RXEN_FPGA L4 AD10 AF36 Y33
63 RADIO_SHDN_FPGA L5 AF5 AH29 T36
64 ADC_RX DCS M7 AD8 AM32 W32
65 ADC RX DFS N2 AK1 AT32 N31
66 EXT_GND - - - -
67 ADC RX PWDNB R11 AF6 AF38 W30
68 ADC RX DBO M2 AE7 AE28 u28
69 ADC RX DB1 L3 AC12 AF28 P39
70 ADC RX DB2 M10 AJ2 AE37 N38
71 - - - - -
72 ADC RX DB3 M4 AG5 AL35 N37
73 ADC RX DB4 K5 AJ1 AE38 Y37
74 ADC RX DB5 N7 AH3 AR34 P36
75 ADC RX DB6 L7 AH4 AM33 W31
76 EXT GND - - - -
77 ADC RX DB7 L1 AJ3 AF29 Y31
78 RSSI ADC CLK M8 AH2 AJ33 V28
79 FPGA CLK1 L2 AG2 AC36 T32
80 EXT GND - - - -
81 EXT GND - - - -
82 TX DAC PLL LOCK V5 AG10 AC29 V33
83 TX_DAC_Q_D15 W4 AMS8 AH34 U39
84 TX_DAC_Q_ D14 V3 ARG AC34 H34
85 TX_DAC_Q_D13 V8 AH7 AP32 W33
86 - - - - -
87 TX_DAC_Q_D12 V4 AN7 AA31 U33

88 TX_DAC_Q_D11 V9 AE12 AL38 H32



Table B.1: TAP Radio Board FPGA Pin Mappings

Connector

Pin
89

90

91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Radio Board Signal

TX_DAC_Q_D10
TX_DAC_Q_D9
EXT_GND
TX_DAC_Q_D8
TX_DAC_Q D7
TX_DAC_Q_D6
TX_DAC_Q D5
EXT_12v
TX_DAC_Q D4
TX_DAC_Q D3
TX_DAC_Q D2
TX_DAC_Q D1
EXT_GND
TX_DAC_Q_DO
TX_DAC_SPI_SDO
TX_DAC_SPI_SDIO
TX_DAC_SPI_CLK
EXT_12v
TX_DAC_SPI_CSB
TX_DAC_RESET
RADIO LD
RADIO CS# FPGA
EXT_GND
RADIO_SCLK_FPGA
RADIO_DIN_FPGA
RADIO_TXEN_FPGA
DIPSW_1

EXT 12v
DIPSW_2
DIPSW_3
DIPSW_4
EXT_GND

EXT 12v

RSSI_ ADC_CLAMP
RSSI_ ADC_SLEEP
RSSI_ADC_HIZ
EXT_GND
RSSI_ADC D5
RSSI_ADC_D4
RSSI_ADC D3
RSSI_ADC D2
EXT_12v
RSSI_ADC_D1

Slot 1 Slot 2 Slot 3 Slot 4
FPGA Pin | FPGA Pin | FPGA Pin | FPGA Pin
u10 AL9 AE39 V26
V6 AM7 AL36 Y35
T12 AG9 AB32 H33
U4 AK8 AA33 J32
u9 ANG AM37 E36
T3 ALG AE26 N28
T4 AE11 AG37 u29
us AL7 AB35 N32
R10 AM4 AL32 F32
V7 AH8 AB31 P27
us AE10 AG32 T26
U1 AE9 AD38 J31
R8 AL5 AB37 V32
T7 AKG AB36 u26
T6 AJ6 AC39 R26
) AM3 AA26 R39
P6 AK5 AG36 V27
R3 AF9 AA32 R38
P9 AL3 AC38 R34
R5 AK4 AB33 M30
R4 AM2 AA37 M34
T2 AG7 AF27 L39
P3 AL2 AA35 M36
R1 AJ4 AC26 L37
R2 AK3 AC35 M33
W5 AG6 AG30 u34
V2 AHG6 AH33 H36
P7 AF7 AK32 J36
V1 AF8 AM34 H37
T11 AJ5 AK36 W34
P5 AJ7 AJ32 P33
R7 AD11 AF30 W36
R6 AF10 AK34 V37
W3 AES8 AE32 K35

93



Table B.1: TAP Radio Board FPGA Pin Mappings

Connector Radio Board Signal Slot 1 Slot 2 Slot 3 Slot 4
Pin FPGA Pin | FPGA Pin | FPGA Pin | FPGA Pin
133 RSSI_ADC DO R9 AF11 AE31 K37
134 RSSI_ADC D6 U6 AJ8 AG31 T33
135 RSSI_ADC D7 W6 AG11 AB38 V35
136 EXT_GND - - - -
137 RSSI_ADC_OTR T8 AJ9 AK35 U36
138 RSSI_ADC D9 Y7 AK7 AJ38 R32
139 RSSI_ADC D8 W7 AM9 AK33 R30
140 TX_DAC_| D15 U12 AM6 AA36 P30
141 EXT_12v - - - -
142 TX_DAC_| D14 T10 AH10 AM36 R35
143 TX _DAC | D13 W8 AF12 AJ35 u32
144 TX _DAC | D12 W9 AP7 AG33 W35
145 TX _DAC_| D11 W11 AR7 AE30 K36
146 EXT_GND - - - -
147 TX_DAC | D10 V10 AK9 AK37 K31
148 TX _DAC | D9 V11 AE13 AF34 J34
149 TX _DAC | D8 Y9 AN9 AE33 K34
150 TX DAC | D7 Y8 AT6 AF32 J33
151 - - - - -
152 TX _DAC_| D6 W10 AD12 AA34 H38
153 TX DAC | D5 V12 AT7 AG35 J37
154 TX DAC | D4 Y4 AH11 AH38 K32
155 TX DAC | D3 W12 AU7 Y26 T37
156 EXT_GND - - - -
157 TX DAC | D2 V13 ARS8 AD32 J38
158 TX DAC | D1 W13 AT8 AJ34 K33
159 TX DAC | DO Y3 AD13 AB26 J39

160 |[EXT GND - - - -



Table B.2: User 1/O, SystemACE and Clock Pin Mappings

Signal Name FPGA Pin Signal Name FPGA Pin
User I/O SystemACE Interface
Hex Display 1[0] AH25 MPCE M17
Hex Display 1[1] AH26 MPBRDY N18
Hex Display 1[2] AH24 MPWE D10
Hex Display 1[3] AN25 MPOE D9
Hex Display 1[4] AH23 MPIRQ N17
Hex Display 1[5] AG22 MPA[O] E9
Hex Display 1[6] AG23 MPA[1] E10
Hex Display 2[0] AG20 MPA[2] F10
Hex Display 2[1] AG21 MPA[3] F11
Hex Display 2[2] AH20 MPA[4] M14
Hex Display 2[3] AR20 MPA[5] M15
Hex Display 2[4] AG19 MPA[6] M16
Hex Display 2[5] AH19 MPDIO0] G10
Hex Display 2[6] AJ19 MPDI1] G11
Led 1 AM16 MPDI2] H10
Led 2 AG18 MPDI3] H12
Led 3 AG17 MPDI[4] H11
Led 4 AH13 MPDI5] J10
Button 1 AH21 MPDI6] J11
Button 2 AJ21 MPDI7] K11
Button 2 AJ22 MPDI8] K10
Digital 1/0 [0] K28 MPDI9] J12
Digital 1/0 [1] G30 MPDI[10] K12
Digital 1/0 [2] H29 MPDI[11] J14
Digital 1/0 [3] H30 MPDI[12] L13
Digital 1/0 [4] J28 MPDI[13] L12
Digital 1/0 [5] F30 MPDI[14] K14
Digital 1/0 [6] E30 MPDI[15] M13
Digital 1/0 [7] D31
Digital 1/0 [8] K30 Clocks
Digital I/O [9] J30 MGT BREFCLK+ J20
Digital I/O [10] K29 MGT BREFCLK- K20
Digital I/O [11] J29 MGT BREFCLK2+ E20
Digital I/O [12] G29 MGT BREFCLK2- D20
Digital I/O [13] H28 Oscillator Y3 (50MHz) AK20
Digital I/O [14] F29 Oscillator Y2 (100MHz)  AT20

Digital 1/0 [15] E31 SystemACE Clk (33MHz) N20



Table B.3: SRAM 1 Pin Mappings

Signal Name FPGA Pin Signal Name FPGA Pin

SRAM 1
SRAM1 A[0] AL16 SRAM1 D[0] AU19
SRAM1 A[1] AH15 SRAM1 D[1] AH18
SRAM1 A[2] AL14 SRAM1 D[2] AP19
SRAM1 A[3] AM15 SRAM1 D[3] AT19
SRAM1 A[4] AM14 SRAM1 D[4] AN18
SRAM1 A[5] AT9 SRAM1 D[5] AR19
SRAM1 A[6] AU11 SRAM1 D[] AJ17
SRAM1 A[7] AN11 SRAM1 D[7] AT18
SRAM1 A[8] AN17 SRAM1D[8] AM19
SRAM1 A[9] AH16 SRAM1 D[9] AL19
SRAM1A[10]  AR16 SRAM1 D[10] AK18
SRAM1A[11]  AU15 SRAM1 D[11] AL18
SRAM1A[12]  AP18 SRAM1 D[12] AU17
SRAM1A[13]  AJ18 SRAM1 D[13] AR18
SRAM1A[14]  AM17 SRAM1 D[14] AU18
SRAM1A[15] AM18 SRAM1 D[15] AN19
SRAM1A[16]  AK16 SRAM1 D[16] AK12
SRAM1A[17]  AU14 SRAM1 D[17] AL12
SRAM1ADV/LD AP14 SRAM1 D[18] AK14
SRAM1BW[1] AP16 SRAM1 D[19] AR14
SRAM1BW[2] AR17 SRAM1 D[20] AL11
SRAM1BW[3] AN14 SRAM1 D[21] AT11
SRAM1 BW[4] AT15 SRAM1 D[22] AU10
SRAM1 CE[1]  AT14 SRAM1 D[23] AR11
SRAM1 CE[2]  AP11 SRAM1 D[24] AM11
SRAM1 CE[3] AL17 SRAM1 D[25] AR10
SRAM1CEN  AH14 SRAM1 D[26] AJ13
SRAM1 CLK  AR15 SRAM1 D[27] AM10
SRAM1LBO  AK10 SRAM1 D[28] AJ12
SRAM1 OE AP15 SRAM1 D[29] AP10
SRAM1 RW AN15 SRAM1 D[30] AL10
SRAM1 SLEEP AK19 SRAM1 D[31] AT10

SRAM1 D[32] AL20
SRAM1 D[33] AT17
SRAM1 D[34] AM12
SRAM1 D[35] AN10



Signal Name

SRAM2 A[0]
SRAM2 A[1]
SRAM2 A[2]
SRAM2 A[3]
SRAM2 A[4]
SRAM2 A[5]
SRAM2 A[6]
SRAM2 A[7]
SRAM2 A[8]
SRAM2 A[9]
SRAM2 A[10]
SRAM2 A[11]
SRAM2 A[12]
SRAM2 A[13]
SRAM2 A[14]
SRAM2 A[15]
SRAM2 A[16]
SRAM2 A[17]

SRAM2 ADV/LD

SRAM2 BWI[1]
SRAM2 BWI[2]
SRAM2 BWI[3]
SRAM2 BW[4]
SRAM2 CE[1]
SRAM2 CE[2]
SRAM2 CEJ[3]
SRAM2 CEN
SRAM2 CLK
SRAM2 LBO
SRAM2 OE
SRAM2 RW

SRAM2 SLEEP

Table B.4: SRAM 2 Pin Mappings

FPGA Pin Signal Name
SRAM 2
AK25 SRAM2 D[0]
AK24 SRAM2 D[1]
AU25 SRAM2 D[2]
AR24 SRAM2 D[3]
AN23 SRAM2 D[4]
AH22 SRAM2 D[5]
AL23 SRAM2 D[6]
AN22 SRAM2 D[7]
AT28 SRAM2 D[8]
AR28 SRAM2 D[9]
AT26 SRAM2 D[10]
AL28 SRAM2 D[11]
AK29 SRAM2 D[12]
AR26 SRAM2 D[13]
AH27 SRAM2 D[14]
AU29 SRAM2 D[15]
AP29 SRAM2 D[16]
AJ23 SRAM2 D[17]
AU26 SRAM2 D[18]
AP26 SRAM2 D[19]
AN30 SRAM2 D[20]
AR23 SRAM2 D[21]
AT25 SRAM2 D[22]
AL24 SRAM2 D[23]
AM23 SRAM2 D[24]
AM28 SRAM2 D[25]
AR25 SRAM2 D[26]
AP24 SRAM2 D[27]
AL22 SRAM2 D[28]
AP25 SRAM2 D[29]
AM24 SRAM2 D[30]
AK30 SRAM2 D[31]
SRAM2 D[32]
SRAM2 D[33]
SRAM2 D[34]

SRAM2 D[35]

FPGA Pin

AT31
AT30
AL30
AJ28
AK28
AM30
AR29
AL29
AP30
AM25
AR31
AM29
AN29
AL25
AR30
AU30
AR22
AM22
AT23
AU22
AT22
AL21
AU21
AP21
AT21
AN21
AK22
AP22
AR21
AM20
AK21
AP20
AJ27
AT29
AU23
AM21
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