


Model-Based Design
Having one set of cost-effective integrated
tools that you can use to design, verify,
partition, and automatically generate code
for both FPGAs and DSPs is now a reali-
ty. The Mathworks calls this process
“model-based design.”

The concept is quite simple. First, you
create a functional implementation inde-
pendent model of the system. This is an
“executable specification,” a model that
forms the basis of all that is to follow. Once
you have verified the model to achieve your
system objectives, you can incorporate fur-
ther detail, such as adding fixed-point
effects, RF/ADC non-idealities, and parti-
tioning the design between high-speed
fixed-point hardware (an FPGA) and lower
speed hardware (a DSP). At every step of
the process, you verify that the model
achieves the performance goals. The final
step is to use the automatic code generation
capability to flawlessly implement the
model on hardware. 

GPS Receiver
The GPS system has been fully operational
with 24 satellites in its constellation since
1994. It is used by millions of people, both
civilian and military, every day. The funda-
mental concept of using code-division mul-
tiple access (CDMA) for time-delay
measurement (yielding range) while allow-
ing all satellites to share the same carrier fre-
quency (1.57542 GHz for civilian access)
has not changed in the past 30 years. 

Each GPS satellite uses a unique 1,023-
chip orthogonal code (Gold code) to
spread the low-speed binary phase shift
keying (BPSK, 20 ms per bit) navigation
data bitstream. The chipping clock rate is
1.023 MHz, and therefore the sequence of
1,023 chips repeats every millisecond.

The GPS receiver generates a local
copy of the same Gold code, which is
then cross-correlated with the incoming
signal. When the receiver code phase
aligns with the incoming signal code
phase, there is a +30 dB improvement in
the SNR (10*log10(1023)), and the
BPSK navigation bitstream can then be
easily detected. Roughly speaking, you
can use the local code time offset, where

the inset. The transmitter model allows
timing errors to be introduced while the
channel model includes Doppler shift.
These impairments test the receiver timing
recovery and carrier tracking loops.

Once the simulation meets the required
performance goals, it becomes an exe-
cutable specification. In theory, the model
implements the GPS physical layer accord-
ing to written specifications that you can
find in the public domain. 

Verify the Model and Partition
Studies have shown that defects are most
often introduced at the beginning of a
design. Before adding more detail to the
model, it is prudent to verify that it truly
implements a GPS receiver. The MATLAB
language is becoming increasingly popular
in test and measurement applications. The
Instrument Control Toolbox option for
MATLAB can communicate with virtually
any instrument that has a hardware inter-
face. Beyond this, several test and meas-
urement vendors have integrated
MATLAB into their instruments. Anritsu
is one such company; their Signature spec-
trum analyzer can capture data into MAT-
LAB with a single mouse click. 

the correlation is maximized to estimate
the time difference between the received
signal and the signal transmitted by the
satellite. The range is directly proportion-
al to time; therefore, with four satellite
ranges, and knowing the positions of the
satellites, you can navigate. 

Like all CDMA systems, the design of a
GPS receiver presents some formidable
challenges. The satellites are traveling at
close to 7,000 km per hour, giving rise to a
Doppler shift ranging from -6000 to
+6000 Hz. They are 20,200 km away, run-
ning low-power (50W) transmitters.
Signals at the terrestrial receiver input are
typically 20 dB or more below the noise
level. And the local receiver clock is never
in step with the ultra-precise Cesium clocks
in the satellites, so Doppler and symbol
timing recovery loops need to be imple-
mented as well as acquisition logic. 

An Executable Specification
Figure 1 shows a top-level view of a
Simulink model. It contains the transmit-
ter, channel, receiver, and measurement
visualization subsystems. This model has
numerous levels of hierarchy – a glimpse
under the hood of the receiver is shown in
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Figure 1 – A top-level view of a GPS system, including a transmitter with 
timing error, channel model with Doppler, and a receiver with timing and 
Doppler de-rotation loops. The model contains numerous levels of hierarchy. 

A glimpse down one level into the receiver is shown in the lower right.
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An antenna and low-noise pre-amplifier
were connected to the Signature analyzer,
and tuned to 1.57542 GHz. We recorded
approximately one second of I/Q format
data, which was then available in the MAT-
LAB workspace. Note that since the satel-
lite signals are more than 20 dB below the
noise, it is not immediately obvious that a
useable data set has been captured. We used
a separate Simulink model implementing a
simplified GPS receiver (no tracking loops)
to confirm that satellite signals were pres-
ent in the data. The transmitter portion of
the original model was then replaced with
a Simulink library block to  provide actual
satellite data for testing the receiver model.

Next, the model is partitioned into a por-
tion that will reside in the FPGA and a por-
tion that will reside in a floating-point DSP. 

The incoming I/Q data at the 8 MSPS
rate is first passed through a root-raised
cosine FIR filter. Naturally, this higher speed
processing is best suited for the FPGA. The
filtered signal is then down-sampled by a
factor of two, and after the Doppler de-rota-
tion, feeds three cross-correlators: early,
prompt, and late, which refer to the local de-
spreading code phase driving the respective
correlators. The numerically controlled
oscillators for both the Doppler and the
local de-spreading code are also in the FPGA
partition. Because the de-spreading
sequence repeats every millisecond, the out-
puts of the three correlators are only of inter-
est at this one-millisecond rate, which is
easily handled by a DSP. 

After the receiver model is working using
floating-point arithmetic, the next step is to
define the fixed-point attributes that will be
required for the FPGA partition. 

Simulink models can accommodate
arbitrary precision fixed-point representa-
tions of signals. The FPGA partition
includes these fixed-point constraints. As
before, numerous levels of hierarchy exist
in this model, and Figure 2 represents the
top level. Notice that the partitioning
reveals a feedback control system between
the DSP and the FPGA. 

In review, the 8 MHz I/Q satellite signal
input is processed by the FPGA producing
low-rate (1 kHz) correlator outputs, which
are then processed by the DSP. Using these

signals, the DSP in turn implements the
proportional-integral-derivative controllers
for both the Doppler and timing recovery
loops. The two controller outputs are fed
back into the FPGA. The real captured
satellite data is again used as a source to test
the partitioning and the chosen fixed-point
data constraints. Figure 2 shows the satellite

data source (picture), the FPGA partition
(yellow), and the DSP partition (green). 

Implement the FPGA Partition 
It is now relatively easy to transition the
fixed-point receiver subsystem in Figure 2 to
one using blocks from the Xilinx® System
Generator for DSP library. The transition to

Figure 2 – The receiver portion of the model has now been partitioned with the high-
speed fixed-point portion in yellow, and the lower speed single precision floating-point
portion in green. RF from actual GPS satellites is captured with a spectrum analyzer.

This is now the data source for verifying the model with real-world data. 

Figure 3 – The fixed-point partition in Figure 2 is now implemented using blocks from the
Xilinx System Generator library. A digital down converter (IF processor) has been added

along with a 64 MSPS ADC to form a front end for the base-band receiver subsystem. The
correlation data from the receiver is time-division multiplexed and buffered with a FIFO

before being fed to the DSP partition. All of the VHDL (or Verilog) required to implement
this is automatically generated using Xilinx System Generator. 
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the FPGA is easy if Simulink blocks that
functionally match those in the System
Generator library were used.

Figure 3 shows the FPGA portion of the
design. Hardware-specific gateway blocks
pass signals between the FPGA and the DSP.
The output signals from the FPGA include
three complex correlation signals (early,
prompt, late), a signal-level estimate for
AGC, and a synch word. These eight values
are time-division multiplexed into a single
data stream and fed through a 32-bit gate-
way block back to the DSP. Control signals
for the timing and Doppler tracking loops
come through 32-bit gateway blocks to the
FPGA, along with other ancillary control
signals such as satellite selection. 

When running the hardware in real time,
the signal input to this GPS receiver  comes
from an analog front-end down converter
with an IF of 17 MHz, not a spectrum ana-
lyzer. Therefore, a digital down converter
(DDC) is also needed in the FPGA. The
DDC takes this 17 MHz real-band pass sig-
nal sampled at 64 MSPS and translates it to
a base-band I/Q signal running at 8 MSPS. 

The high-level signal processing functions
(DDS, CIC, FIR, FIFO, TDM) from the
Xilinx System Generator library make it easy
to implement this portion of the design.
Once the simulation is verified, a click of the
mouse automatically generates the circa 350
VHDL files (750 kB of ASCII) required to
implement the design. After this point we are
in the standard Xilinx ISE™ design flow. 

Implement the DSP Partition
The top-level view of the DSP portion is
shown in Figure 4. The time-division multi-
plexed signals from the FPGA arrive through
the gray gateway block on the left of the
model. They are then de-multiplexed into
the early/prompt/late correlation signals and
level required by the timing recovery and
Doppler controllers implemented in the DSP
partition. The task of acquiring the GPS is
implemented in the DSP using Simulink’s
event-driven option, StateFlow. Operations
such as square root and arc tangent are
required. Although these operations are pos-
sible with a CORDIC in the FPGA, they are
even easier to do in the floating-point DSP. 

Because the signals from the FPGA arrive
every millisecond, the processing is light duty
for the DSP. The numerical readout in Figure
4 indicates that only 4.6% of the available
DSP horsepower is being consumed. That
said, it should be noted that this example
implements one “channel” of a GPS receiver
in that only one satellite can be received. A
typical GPS receiver incorporates six to ten
channels and the loading of the DSP will
increase in proportion to the number of
channels. 

The C code for the DSP is automatically
generated using the Real-Time Workshop
option in the Simulink environment. Once
this is complete, a click of the mouse down-
loads both the bitstream for the FPGA and the
binary for the DSP to the Lyrtech SignalWave
hardware. The SignalWave has a Virtex™-II
Pro XC2V3000 FPGA 64 MSPS ADC and
DAC, as well as audio and video CODECs. 

When the real-time processing is started in
the hardware, the Simulink block diagram
then becomes a GUI that allows you to seam-
lessly interact with the processing. Scopes and
numerical readouts are the primary real-time
display options. You can also change the state
of switches, the values of constants, and mul-
tiplier gains to interact with the design with-
out stopping or introducing gaps in the
real-time processing. 

Conclusion
This operational GPS receiver was developed
using tools from Xilinx, The Mathworks, and
Lyrtech. Not a single line of code was hand-
written for either the FPGA or the DSP. It took
approximately six weeks to create – from
scratch – a receiver producing the navigation
data bitstream from RF satellite input signals.

This model-based design example has
been privately presented to several GPS
design groups. Feedback indicates that
accomplishing what we have shown in this
article typically takes these designers more
than a year.

If you are designing and implementing
complex signal processing systems for real-
time hardware, you cannot afford to be with-
out these tools.

For more information, visit www.
mathworks.com, www.xilinx.com/systemgenerator_
dsp, and www.lyrtech.com. 

Figure 4 – The floating-point portion of the receiver is implemented using a TI C6713 DSP.
The data from the FPGA is de-multiplexed into the signals required to implement both

acquisition and tracking of the CDMA satellite signal. The control signals back to the FPGA
pass through hardware “gateways” that are specific to the Lyrtech SignalWave hardware. The
C code to implement this partition is automatically generated using The Mathworks’ Real-
Time Workshop. Once the bitstream and binary are loaded to the hardware, the block dia-

gram becomes a user interface, allowing you to change parameters on the fly and have
dynamically updating readouts, including time-history scopes. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


