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ABSTRACT

In this work, we prototype a digital baseband modulation for GPS data using the Virtex-7

VC707 FPGA board. The prototype’s modulation scheme consists of identification of

Doppler phase and timing synchronization of the transmitted data from the GPS satel-

lite. Further phase and code locking algorithms are implemented using a phased locked

loop (PLL) and delay locked loop (DLL). The implementation was tested using live

feed from GNSS network of satellites and proper demodulation was observed.

KEYWORDS: GPS, Acquisition, Tracking, Phase Locked Loop, Delay Locked

Loop, Correlation, Doppler phase shift, Code Phase
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CHAPTER 1

INTRODUCTION

Global Positioning System is a satellite based navigation system which was first intro-

duced in 1970s by the US military. Since then it has highly evolved into a system which

is being used extensively for navigation around the world.

There are three segments of a GPS system-

1. Space Segment - It comprises of a constellation of 32 satellites, signals from
which give information about the satellite’s position.

2. Control Segment - It consists of control stations all over world which maintain
the satellites in their proper orbits.

3. User Segment - This is the GPS receiver equipment which converts the RF signals
to baseband signals and calculates user position.

The user location computation is done using navigation data. Navigation data is a

very slowly varying signal with a frequency of 50Hz. GPS signal transmits multiple

navigation data simultaneously using Binary Phase Shift Key(BPSK) carrier modula-

tion and C/A codes.

The navigation signal is spectrum spread using C/A(coarse/acquisition). C/A codes are

derived from Gold codes with 1023 chips transmitting at 1.023MHz, meaning 1 C/A

code in 1ms. C/A codes strongly autocorrelate only when they are perfectly aligned

with an exact replica.Each satellite uses a unique C/A code which is already known to

the receiver.

The GPS signal has two frequency components:L1(Link1) and L2(Link2).The center

frequency of L1 band is 1572.42MHz and of L2 band is 1227.6MHz. L1 band is used

for transmission of civilian data.

Due to relative motion between satellites and receiver, a Doppler frequency is intro-

duced in GPS signal. For a slowly moving receiver, the Doppler frequency lies in the

range of -5KHz to +5KHz.

The beginning of received signal might not coincide with the beginning of C/A code.

In order to obtain baseband signal, Doppler frequency and shift in the C/A code need to

be determined.This is done using acquisition and tracking blocks.



CHAPTER 2

RF Front End

Antenna receives RF signal of frequency 1572.42MHz.The design requires digital In-

phase(I) and Quadrature(Q) signals. RF front end down converts incoming signal to an

intermediate frequency and digitizes it.

The RF front end chain can be represented as-

Figure 2.1: RF Front End

2.1 Antenna

The antenna used in this design is model no TTSLNA001 from Thiagarajar Telekom

Solutions.This antenna operates at L1, L5 and S bands of frequency. It is a high perfor-

mance antenna with technique for multipath signal suppression making it suitable for

GPS signals.

Its frequency range is 1575±10MHz for L1 band, 1176±12 MHz for L5 band and

2491±8.5MHz for S band. It is mountable on M18 threaded pole and its operating

temperature lies from -30◦ to 80◦C.

It is an active antenna and requires a DC supply of 5V. A bias-tee is used for this

purpose. It has three ends: RF, RF+DC and DC. The RF+DC end is connected to analog

front-end, DC end is connected to power supply and RF end is connected to antenna.

Thus, the antenna cable is used to inject power to antenna as well as to receive signals.



2.2 Filter

Filter is the first component in RF chain. A bandpass filter is used to provide additional

frequency selectivity, such that any high-power out of band signals are eliminated. Few

of the parameters used to characterize a filter include: insertion loss and bandwidth.

Insertion loss is the attenuation of desired frequency component and should be as low

as possible. Typical bandwidth specification used for filters is 3dB.

2.3 Amplifier

Amplifier is needed to increase signal magnitude to practical levels for analog to digital

conversion. However a byproduct is amplification of noise levels along the signal. Basic

parameters used to describe an amplifier are: gain, specified frequency range and noise

figure. Noise figure indicates the amount of noise being added to the signal. Amplifier

is an active component and needs power supply.

2.4 Local Oscillator

A local oscillator or mixer translates the input 1575.42MHz RF carrier to a lower in-

termediate frequency(IF) while preserving the modulated signal structure. This is done

to bring the signal within operable ranges for analog to digital conversion. The fre-

quency conversion to IF allows higher frequency selectivity with less costly/complex

components.

2.5 Analog to Digital Converter

ADC is the final component in the RF front end chain. The key parameters to consider

in an ADC are:resolution, maximum sampling frequency, analog input bandwidth, and

analog input range. GPS being a CDMA signal, requires very little dynamic range from

the sampled signal. The maximum frequency should accommodate the bandwidth of

desired signal.
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2.6 AD9361 Fmcomms3 Evaluation Board

In this design, AD9361 Fmcomms-3 evaluation board is used for RF front end pro-

cessing. Its a high performance, programmable RF Transceiver. The receiver local

oscillator operates from 47MHz to 6GHz range making it suitable for receiving L1 fre-

quency band signals. Each receiver subsystem includes Automatic Gain Control, DC

offset correction and digital filtering. Two ADCs per channel digitize the received I

and Q signals and pass them through FIR filters to produce 12-bit output signal at the

appropriate sample rate.

Figure 2.2: Fmcomms3 Evaluation Board

• RF 2 x 2 transceiver with integrated 12-bit DACs and ADCs TX band: 47 MHz
to 6.0 GHz

• RX band: 70 MHz to 6.0 GHz

• Supports TDD and FDD operation

• Superior receiver sensitivity with a noise figure of 2 dB at 800 MHz LO

• RX gain control

• Real-time monitor and control signals for manual gain

Clock Inputs

The AD9361 reference clock that can be provided by two different sources:a ded-

icated crystal with a frequency between 19 MHz and 50 MHz connected between the

XTALP and XTALN pins or through an external oscillator/clock distribution device

to the XTALN pin. This reference clock is used to supply the synthesizer blocks that

generate all data clocks, sample clocks, and local oscillators inside the device.
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Control/Monitor

AD9361 allows real-time control via dedicated pins. These pins are connected to

FPGA using FMC connector. The parameters which can be programmed include:gain,

synchronization, state machine etc. It also allows real-time monitoring of some signals

via another dedicated set of pins. Please refer the data sheet for more details.

HDL Design

This project uses a reference design provided by Analog Devices for interfacing

fmcomms-3 board with FPGA board, making control of parameters and obtaining dig-

ital I and Q data possible. The reference design is processor based embedded system.

The functional block diagram is given in Figure-2.3. The device interface is a self-

Figure 2.3: Reference HDL Design

contained peripheral which could be added as an IP in design.An AXI-lite interface is

used to program core. The received data path includes a DMA interface.
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An API is also provided by Analog Devices to interact with the AD9361 on systems

without OS and provides all the necessary functions to control it.

In this project, a no-OS design was implemented for simplicity and easy inter platform

porting.

A short description of some of the functions provided in the API:

Figure 2.4: No-OS API functions
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CHAPTER 3

Acquisition

Acquisition is done to determine which all satellites are visible to the user. If ascertained

a satellite is visible, following parameters must be found:

• Doppler Frequency: Caused due to relative motion between satellite and user

• Code phase: Denotes the point in data block where the C/A code begins

There are three standard algorithms of acquisition-

1. Serial Search Acquisition

2. Parallel Frequency Space Search Acquisition

3. Parallel Code Phase Search Acquisition

Serial Search Acquisition

This algorithm iteratively searches for a Doppler frequency, code phase pair which

gives maximum correlation for a particular satellite. The incoming signal is multiplied

with locally generated frequency. PRN codes are also locally generated for different

satellites. Shifted versions of these codes are correlated with frequency removed sig-

nals.These correlated signals are squared and added to find correlation magnitude. Con-

Figure 3.1: Serial Search Acquisition

sidering sampling frequency as 4MHz, 4000 samples of input data will be obtained in

1ms. PRN code will be up-sampled to 4000 bits in 1ms. Doppler frequency lies in

-5KHz to +5KHz considering search step of 50Hz, the number of combinations will be-



4000

(
10, 000

50

)
= 800000

Implementation of serial search acquisition is straightforward. However, the number of

combinations to be searched for is very large and hence, it is time consuming.

Parallel Frequency Space Search Acquisition

This algorithm is based in frequency domain and used FFT to perform transforma-

tion from time domain to frequency domain.

Figure 3.2: Parallel Frequency Space Search

When incoming signal is multiplied with a perfectly aligned PRN code, the result

is a continuous wave signal. Fourier transform of this wave will show a peak at the IF

plus Doppler frequency. Thus this algorithm parallelizes frequency search.

Parallel Code Phase Search Acquisition

As seen in the above calculation of number of combinations, the number of search

steps in code phase is much larger as compared to frequency. In this algorithm, instead

of parallel search of frequency, parallel search of code phase is performed.

Figure 3.3: Parallel Code Phase Space Search
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The Fourier transform of the input is multiplied with the Fourier transform of the

PRN code. The result is transformed into time domain by an inverse FFT.If a peak

is present in the correlation, the index of this peak marks the PRN code phase of the

incoming signal. Thus this algorithm parallelizes code search.

In this design serial search algorithm is implemented. Incoming signal from a satel-

lite k can be roughly modelled as -

sk(t) =
√

2PcC
k(t− tk)Dk(ttk)exp(j2πfL1t)

where Pc is the power of the signal,Ck is the C/A code and Dk is the navigation data

sequence.The signal from ADC can be modelled as-

sk(n) =
√

2PcC
k(n− ni)Dk(n− ni)exp(jwn)

After this signal is passed through CORDIC rotors, the signal becomes-

sk(n) =
√

2PcC
k(n− ni)Dk(n− ni)exp(j(w − won)

where wo is the frequency being searched for. This signal is correlated with all shifted

versions of PRN sequence of k satellite. The output of a correlator with a shift of j in

PRN can be given as-

Cj =
∑√

2PcC
k(n− ni)Ck(n− nj)Dk(n− ni)exp(j(w − won)

Due to property of PRN codes, this sum will be maximum when ni is equal to nj .

The number of computations to be performed in this algorithm depends on the sam-

pling frequency, range of Doppler frequency and frequency search step.

Here, sampling frequency is taken as 4MHz so in 1 ms will contain 4000 samples.

1 ms is of importance because C/A code is 1 ms long. It should be enough to do

acquisition on 1 ms long data block, but there could a navigation data transition in that

duration, which is why two consecutive data blocks of 1 ms are considered. Out of the

two, only one block will have a transition. The maximum Doppler frequency shift for a

slowly moving receiver is in the range of -5KHz to +5KHz and the number of frequency

bins searched for are 208, making each search step 48Hz.
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The schematic of complete complete acquisition block is gives in Figure-3.4

Figure 3.4: Acquisition Block Diagram

3.1 CORDIC

CORDIC or COordinate Rotation DIgital Computer is an efficient algorithm to compute

trigonometric values in digital domain. It is based on simple look-up-table, add/subtract

and shift operations. In this design, CORDIC is used to rotate the incoming signal

through different pre-stored angles. These angles correspond to the various Doppler

frequency shifts to be searched for.
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Figure 3.5: Vector Rotation

The rotation of a two-dimensional vector P through an angle α can be given as

Pα=PRα, where Rα is a rotation matrix-

Rα =

cosα −sinα

sinα cosα


which can also be written as-

Rα = [(1 + tan2α)
−1
2 ]

 1 −tanα

tanα 1


The sum (1 + tan2α)

−1
2 can be approximated to 1.647. Rotation through any angle can

be broken into iterations of rotation through predefined angles αi = arctan(2−i). Thus

rotation equations can be given as-

xi+1 = xi − σi.yi.2−i (3.1)

yi+1 = yi + σi.xi.2
−i (3.2)

zi+1 = zi − σi.αi (3.3)

This mode of operation of CORDIC is called as rotation mode, there is another mode

called as vectoring mode.In vectoring mode, given a vector CORDIC finds its angle of

rotation from x-axis and magnitude of
√
x2 + y2. Vectoring mode of CORDIC is used

in design later. The equations for vectoring mode remain the same as rotation mode.

The value of σ given in above equations is calculated as-

σi =

sign(zi), if rotation mode.

−sign(yi), vectoring mode.
(3.4)

12



The CORDIC module used in this design computes 16 iteration in all, 4 iterations

each cycle. So it takes 4 cycles for completing all iterations. In addition, module is

pipelined, so new input can be fed each cycle. For this, computed values after each 4

cycles are stored in registers. Latency is 5 cycles.

Figure 3.6: Pipelining in CORDIC

3.2 Correlator

Correlation in this design can be considered as a MAC(Multiply and Accumulate) unit.

In each cycle, the incoming samples are multiplied with PRN data bits and the sum is

accumulated until all 4000 samples are over.

The number of computations required for a satellite are equal to 208*4000, 208

frequencies and 4000 samples. Correlator takes rotated data samples and PRN bits as

input. If the PRN bit is 1, sample is added and if it is 0, sample is subtracted from the

overall sum. This is done for 4000 samples. Each correlator will have different shifted

version of PRN code.

Figure 3.7: Correlation over one iteration

To speed up the process, 500 correlators work in parallel and each correlator does

4 sums per cycle. Therefore, it takes 1000 cycles to sum 4000 samples. Each 1000

cycle is known as an iteration. In one iteration, 500 shifts of PRN codes are covered. 8

iterations cover all the shifts.
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3.3 PRN Code Generation

PRN(Pseudo Random Numbers) are used as a part of CDMA scheme in GPS. PRN

code is statistically random and doesn’t repeat itself at any point in its sequence, thus

has very good auto-correlation properties. Each satellite has a different code to ensure

near 0 cross-correlation.

PRN codes also called as Gold codes as generated using a pair of shift registers with

feedback. The length of shift registers is 10 bits and they are right shifted after feedback

calculation. Below diagram explains it-

Figure 3.8: PRN Code Shift Registers

The feedback paths given in blue and purple lines are fixed, however, the paths given

in pink lines are decided by satellite number which are as given in table 1 in appendix.

In this design, initial values of G1 and G2 registers are stored for 500 correlators

in a header file. The next bits of PRN codes are generated using those initial values

by using shift registers as shown in Figure-3.7. This module gives out 4 bits for 500

correlators in each clock cycle.

3.4 PRN Code Chain

There is a pattern of how PRN bits are used by different correlators. It is shown in

the Figure-3.9. Correlator 1 uses PRN bits 4 to 7 in clock cycle 2, which were already

used by correlator 5 in clock cycle 1. Similarly, bits 5 to 8 are used in clock cycle 2 by

correlator 2 which were already used by correlator 6 in clock cycle 1. These values are

stored in registers and reused.

14



Figure 3.9: PRN Code Chain

The values of register G1 and G2 can change under three cases-

1. Reset or code reset: The registers should be given initial values which are stored
in a header file.

2. Strobe: Strobe denotes on-going iteration. The registers will get previously stored
values as explained in PRN code chain fig(3.8).

3. Change Offset: Change offset signal denotes end of an iteration and start of next.
So if correlators 1 to 500 were functioning in first iteration, 501 to 1000 will
function in next. Correlator 501 will need PRN bits 500 to 503. These values
were available to correlator 1 in the 125th clock cycle. This point is noted as
cp_match and values of G1, G2 registers are stored for future correlators.

3.5 Design Optimization

The number of bits in correlation sum will be 18+log2 4000=30 as output samples from

CORDIC are 18 bits long and sum is computed for 4000 such samples. A straight-

forward implementation of correlator would involve extending all inputs to 30 bits and

adding, however a more efficient way would be adding in a tree structure as shown in

Figure-3.10.

Figure 3.10: Tree Adder
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Major optimization implemented is in terms of number of computations done in

each cycle. In correlator design for this project, instead of using only adders, multiplex-

ers and fewer adders were used.

The frequency of PRN codes is 1.023MHz, it is up-sampled by 4MHz because input

data frequency is 4MHz as well. Since 4/1.023=3.91, each bit of PRN code will be

repeated either 3 or 4 times. Therefore, number of combinations of 4 bits of PRN code

will be limited. As 4 bits of PRN code are input to each correlator in one clock cycle,

we look at the possible combinations of these 4 bits in Table-3.1. Here, a,b,c,d are the

PRN Code Input Sample Arithmetic PRN Code Input Sample Arithmetic
0000 -a-b-c-d 1111 a+b+c+d
0001 -a-b-c+d 1110 a+b+c-d
0011 -a-b+c+d 1100 a+b-c-d
0111 -a+b+c+d 1000 a-b-c-d

Table 3.1: Possible Combinations of 4 bit PRN Code

input samples received from CORDIC. It is evident in the above table, that right side

group is simply negative of the first group.

The right side PRNs can be converted into left side PRNs by XORing all bits with

the MSB bit, for example, 1100 on XORing with 1 gives 0011, which is its correspond-

ing value in left group.So a 4x1 MUX can be used to select a combination out of these

8 and negated, if needed.

Output from CORDIC block is fed to adder module, which computes all four possi-

ble combinations of sum. One of these values is selected by a 4x1 MUX, the selection

lines of which are decided by 4 bits of PRN codes. There are 500 such MUX for 500

correlators. Another 2x1 MUX selects whether the sum or its negative is to be added.

The selection line for this MUX is MSB of PRN code. Finally, correlator keeps adding

the output of 2x1 MUX for 1000 cycles.

This optimization is based on the fact that the number of XOR operations in case

of 30-bit adders is more than in case of design with multiplexers. The number of full

adders in one cycle in first case can be calculated as 250*30*8=60,000, where 250 is

number of correlators running in parallel, 30 is sample size and 8 is the number of

samples. Each full adder is equivalent to 2 XORs, so number of XOR operations in first

case equal to 1,20,000.

16



Whereas, in second case, the number of XOR operations will be (19*2+20)*4*3 due

to adder module and (8*20*500) due to MUXs, each 4x1 MUX is equivalent to three

2x1 MUX, 20 is the sample size and 500 is the number of correlators, which makes

number of XOR gates equal to 80,696.

The schematic for this design is given in Figure-3.11.

Figure 3.11: Correlator Bank Schematic

The percentage utilization summary for optimized design vs original design can be

seen in Figure-3.12

Figure 3.12: Utilization Reports of Original and Optimized Designs
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CHAPTER 4

Tracking

The purpose of tracking is to fine tune the values of code phase and Doppler frequency

shift found by acquisition module, keep track and demodulate navigation data.

Since positions of at least four satellites are needed, this design has four separate

tracks working for four different satellites. Demodulation requires exact replicas of

Doppler phase shift and PRN code. Feedback loops are used for obtaining exact repli-

cas. A DLL(Delay Locked Loop) is used for code tracking and PLL(Phase Locked

Loop) is used for Doppler phase tracking.

4.1 Phase Locked Loop

To track a carrier wave or Doppler wave, phase locked loops are used.To demodulate

navigation data, an exact carrier wave is required.

A basic PLL can be represented as given in Figure-4.1

Figure 4.1: Phase Locked Loop

The incoming signal is stripped off of code phase and then carrier frequency(or

Doppler frequency). To wipe off code phase prompt output from DLL is used. Carrier

loop discriminator finds out the phase error on the local wave replica. The output of

carrier loop discriminator is filtered using a carrier loop filter to smooth-en the output of

discriminator. the filter’s output is fed as an input to the NCO(Numerically Controlled

Oscillator) Carrier Generator, which adjusts the frequency of carrier wave.



The problem with ordinary PLL is thet it is sensitive to 180◦ phase shifts. There

could be 180◦ phase shifts in GPS data because of transitions in navigation data, hence

a loop which is insensitive to 180◦ phase shifts needs to be used.

The loop shown in fig(4.1) is insensitive to 180◦ phase shifts. There are two mul-

tiplications in this loop: first between input signal and local carrier wave, and second

between 90◦ phase shifted carrier wave and the input signal. The goal of PLL is to keep

all energy in I-arm of multiplication. Feedback is used for this purpose.

The multiplication in the I arm yields the following sum:

Dk(n)cos(ωIFn)cos(ωIFn+ φ) =
1

2
Dk(n)cos(φ) +

1

2
Dk(n)cos(2ωIFn+ φ)

where φ is the phase difference between the phase of the input signal and the phase of

the local replica of the carrier phase. The multiplication in the quadrature arm gives the

following:

Dk(n)cos(ωIFn)sin(ωIFn+ φ) =
1

2
Dk(n)sin(φ) +

1

2
Dk(n)sin(2ωIFn+ φ)

The two signals are passed through a lowpass filter,the terms with the double interme-

diate frequency are filtered and the following two signals remain:

Ik =
1

2
Dk(n)cos(φ)

Qk =
1

2
Dk(n)sin(φ)

A suitable term to feed back to the carrier phase oscillator to find phase error of the

local carrier phase replica can be:

Qk

Ik
=

1
2
Dk(n)cos(φ)

1
2
Dk(n)sin(φ)

φ = arctan(
Qk

Ik
)

Phase error is minimum when Ik is maximum and Qk is minimum. Thus, this is the

discriminator used for PLL.
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4.2 Delay Locked Loop

Delay locked loop is used to keep track of the code phase in the signal. The output of

a code tracking loop is a perfectly aligned replica of the code. The code tracking loop

is also called as early-late tracking loop. The principle behind DLL is to correlate the

input signal with three replicas of code.

A basic delay locked loop is shown in Figure-4.2

Figure 4.2: Delay Locked Loop

First carrier frequency is removed by multiplying with a perfectly aligned copy of

carrier wave. After that the signal is multiplied with three copies of code:early, prompt

and late. These codes have spacing of±1
2
. The three multiplications are integrated over

the period of 1ms or over the length of 4000 data samples. The output is indicative of

how much each code correlates with the incoming signals. In the left side figure-4.3,

Figure 4.3: Correlation with Early, Prompt and Late Codes

highest correlation is obtained with late code and with prompt code in case of right side

figure.
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The DLL needs to use both I and Q arms for discriminator because the carrier wave

might not be the exact replica, in which case there will be more noise, making it difficult

for the DLL to lock on a code. If the local carrier wave is in phase with the input signal,

all the energy will be in the in-phase arm. But if the local carrier phase drifts compared

to the input signal, the energy will switch between the in-phase and the quadrature arm.

If the code tracking loop performance has to be independent of the performance of the

phase lock loop, the tracking loop has to use both the in-phase and quadrature arms to

track the code.

The type of discriminator used for tracking in this design is non-coherent and given

by-

(I2E +Q2
E)− (I2L +Q2

L)

(I2E +Q2
E) + (I2L +Q2

L)

In actual design, both PLL and DLL work together and there combined schematic

is shown in Figure-4.4

Figure 4.4: DLL and PLL Combined Loops
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4.3 Memory Optimization

Acquisition takes 208*1000*8*2=33,28,000 clock cycles. Tracking can not start unless

acquisition has completed. In the time acquisition is in process, the incoming samples

should not be lost. For this memory is needed to store the data.

In the first version of design, a memory was placed inside each track module. This

was done because each track starts reading data from code phase of that particular

satellite. But this design could not work as BRAM utilization was over 100 percent.

Instead a common memory design was devised.

As the data stored in all the tracks memories is same, it made sense to have one

memory and state machine to manage reading from it for various tracks. The memory

size is be finite, so track cannot keep reading forever from it. Instead, FIFOs are placed

in all the tracks for storing further data.

Data continuously gets written to common memory. Once track starts reading, a

counter keeps record of how many samples are remaining, when this counter reaches

4000, track stops reading from common memory and starts reading from FIFO. There

are four modules related to common memory design-

1. Common memory write interface - This module is responsible for writing to com-
mon memory, finding samples remaining and start address for individual tracks.

2. Common memory read interface - This module is responsible for reading from
common memory, finding out how many samples are remaining and marks stop
address. Track works on the assumption that incoming data has no code phase
shift, thus common memory is read from samples after code phase.

3. FIFO write interface - This module is responsible for writing to track FIFO.

4. FIFO read interface - This module is responsible for reading from track FIFO and
selecting whether data has to be read from common memory or FIFO.

Figure 4.5: Common Memory Read and Write Interface Modules
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Figure 4.6: State Machines of FIFO and Memory Read Interfaces

Common memory read interface description-

1. track_ID: Denotes the track number

2. Sat_acquired: Goes high when a satellite is acquired

3. codephase: Denotes the code phase for a particular track

4. BUSY_x: Denotes that track is in middle of a computation.x denotes the track
number.

5. READY_x: Denotes that track has completed computation.x denotes the track
number.

6. samples_remaining_x: Denotes the number of samples remaining to be read from
common memory for track’x’

7. SAT_status_x: Status of satellite ’x’ becomes 1 once its computation is com-
pleted, remains 1 unless satellite is not acquired or track fails.

8. start_ptr_x: Denotes the address from which ’x’ track should start reading.

9. rd_en_ID: Read enable for memory

10. rd_addr: Address from which data should be read for a track

11. stop: Denotes the time when no further data should be read from memory

12. samples_remaining: Number of samples remaining for particular track

13. stop_ptr: Address till which data should be read from memory

Common memory write interface description-

1. log_complete: Denotes completion of data logging of 8000 samples for acquisi-
tion

2. id_to_acquire: Track ID

3. rd_en: Read enable for common memory

4. id_track: Track ID registered at log_complete
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5. wr_en: Write enable for common memory

6. wr_addr: Address in which data is to be written

7. samples_remaining_x: Described above

8. start_ptr_x:Described above.

Figure 4.7: Track FIFO Read and Write Interface Modules

FIFO read interface description-

1. stop: Denotes when reading from common memory should stop

2. id_read: Track ID for which data is being read

3. almost_empty: Denotes when very few samples are remaining in FIFO. Reading
should resume only after sufficient samples are written to FIFO again

4. FIFO_data_count: Count of number of samples in FIFO

5. RDY: Described above

6. BSY: Described above

7. Sat_status: Described above

8. FIFO_rd_en: Denotes when data reading from FIFO should start

9. sel: Selects whether data has to be read from common memory or FIFO. 1 means
read from memory, 0 means read from FIFO.

FIFO write interface description-

1. samples_rem: Described above

2. id_read: Track ID for which data is being read

3. rd_state: Denotes the state of read state machine

4. track_failed: Goes high when track is no longer able to track

5. Sat_status: Described above

6. FIFO_wr_en: Denotes write enable for FIFO

24



CHAPTER 5

User Location Computation

The user position calculation is based on the principle of triangulation. The three-

dimensional location is found using these four equations-

ρ1 =
√

(x1 − xµ)2 + (y1 − yµ)2 + (z1 − zµ)2 + bµ

ρ2 =
√

(x2 − xµ)2 + (y2 − yµ)2 + (z2 − zµ)2 + bµ

ρ3 =
√

(x3 − xµ)2 + (y3 − yµ)2 + (z3 − zµ)2 + bµ

ρ4 =
√

(x4 − xµ)4 + (y4 − yµ)2 + (z4 − zµ)2 + bµ

where (xµ,yµ,zµ) are user co-ordinates,

(x1,y1,z1) ,(x2,y2,z2), (x3,y3,z3) and (x4,y4,z4) are co-ordinates of four satellites,

ρ1,ρ2,ρ3, and ρ4 are pseudo-ranges and bµ is the user clock bias error expressed in

distance.

The pseudo-range can be found using-

ρi = c(tµ − tsi)

where, c is the speed of light, tµ is the time of signal received and tsi is the transmission

time, which is received as time stamp with satellite data.

The output from the tracking loop is the in-phase arm value truncated to the values

1 and -1. One navigation bit durates 20 ms. The bit rate of the navigation data is 50 bps.

The output from the tracking block comes at 1000 sps.Thus, the signal from the tracking

block must be converted from 1000 sps to 50 bps. That is, 20 consecutive values must

be replaced by only 1. This conversion procedure is referred to as bit synchronization.

First the time where bit transition in a sequence occurs is found, this is called as

zero crossing. Consecutive bit transitions are located 20ms apart from the beginning

one. After bit transitions are located, 20 samples of track output are replaced by 1.

The first task in navigation data decoding is to find preamble. The beginning of a



sub-frame is called a preamble and has the pattern 10001011 or 01110100. Since these

patterns can occur elsewhere in data too, an additional check has to be performed which

confirms whether the same preamble is repeated every 6s or not. 6s is the time between

transmission of two consecutive sub-frames.After preamble if found, data from each

sub-frame can be extracted. If the preamble is inverted, the entire sequence must be

inverted.

Preamble marks the beginning of a sub-frame. Each of the sub-frames contains 300

bits divided into 10 30-bit words. So each sub-frame has 10 words and each frame

consists of 5 sub-frames. The navigation message consists of 25 frames. The complete

navigation message lasts for 12.5 minutes. The structure is shown in Figure-5.1.

Figure 5.1: GPS Data Structure

The first two words of a sub-frame are HOW(Hand Over Word) and TLM(Telemetry).

5.1 Parity Check

Each word contains parity. Parity is 6-bits long. It is used to check for misinterpretation

bits in the navigation data. When navigation data is received, a parity check must be

performed to test if the received data is interpreted correctly.
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Figure 5.2: GPS Data Structure

5.2 Time of Transmission

To decode the navigation data sequence, scheme from ICD-GPS-200 (1991) is used,

which gives details of every word. Another important parameter is to determine the

time when the current sub-frame was transmitted from the GPS satellite.

The second word of each sub-frame is HOW that includes a truncated version of

TOW. This number is called the z-count and it is the number of seconds that have passed

since the last GPS week rollover in units of 1.5s. The rollover happens at midnight be-

tween Saturday and Sunday. The Z-count in HOW is a truncated version containing

only the 17 MSBs.This truncation makes the Z-count increase in 6-s steps correspond-

ing to the time between transmission of two consecutive navigation sub-frames.

The truncated Z-count value in the HOW corresponds to the time of transmission

of the next navigation data sub-frame. Time of transmission of the current sub-frame is

obtained by multiplying the truncated Z-count by 6 and subtracting 6 s from the result.

5.3 Remaining Parameters

The remaining parameters of navigation data like the ephemeris parameters are decoded

according to ICD-GPS-200 (1991) as well. Ephemeris parameters and its decoding is

listed in appendix.
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CHAPTER 6

Shakti Processor

Shakti is a family of 6 processors which aim at breaking the barrier between academia

and industry by providing open-source processors. These processors are based on the

RISC-V ISA form developed by UC Berkeley which is open and patent free and has

good support by OS and toolchains.

The processors are being developed at CAS Lab, IIT Madras. ISA remains standard

across all flavors of processor only differing in their micro-architecture. Different vari-

ants of Shakti processors are developed to cater to a vast range of functionality. The

variants will also have sub-variants, which differ from one another in terms of sets of

functional blocks.

Features of C class processor include:

1. 32-bit 5 stage processor

2. Equipped with branch prediction

3. Targeted at 50-200 MHz micro-controller variants

4. Very low power, static design

5. Unified L1 cache

6. Includes hardware multiply,divide

7. Supports all integer and single precision float instructions

8. Can be interfaced with AHB or AXI-lite bus

AHB Protocol

The ARM Advanced Microcontroller Bus Architecture(AMBA) facilitates interfacing

designs with large number of controllers and peripherals. It is open standard, on-chip

interconnect for blocks on a Syastem-on-Chip(SoC) designs. It is being widely used on

a range of ASIC and SoCs.

AHB is a bus protocol and it was introduced in AMBA version 2 published by the

ARM company. There are two phases in a transaction in AHB bus:address phase, data



phase. There are no wait-states between the phases, only two bus cycles. AHB imple-

ments the following features required for high-performance, high frequency systems:

1. Burst transfers

2. Split transactions

3. Single-cycle bus master handover

4. Single-clock edge operation

5. Non-tristate implementation

6. Wider data bus configurations (64/128 bits).

The operation of AHB can be described as follows: the master drives the address and

control signals to start a transfer. These signals contain information about the address,

direction, width of the transfer. Transfers can be:

• Single

• Incrementing bursts that do not wrap at address boundaries

• Wrapping bursts that wrap at particular address boundaries

The control signals also contain information about whether the transfer forms part

of a burst or not. The write data bus moves data from the master to a slave, and the

read data bus moves data from a slave to the master.Every transfer consists of:address

phase-address and control cycle, data phase-one or more cycles for the data. HRESP is

used by the slave to indicate whether a transfer failed or succeeded.
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CHAPTER 7

System Setup

Figure 7.1: System Block Chain

A brief about various components of the system is as follows-

• Antenna : Model no TTSLNA001 from Thiagarajar Telekom Solutions is an ac-
tive antenna

• DC Power Supply: GwINSTEK model number GPS-4303 is used to supply DC
power to the antenna. Current limit is kept at 0.5 A and voltage supplied is 10V

• Bias Tee: Mini Circuits model number zfbt-4r2g-ft+ is a diplexer used to supply
DC voltage to antenna and allows only RF signal on receiver side

• RF Front End: Board Fmcomms-3 EBZ by Analog Devices is used as a transceiver.
The daughter board on it is AD9361. It is mounted on FPGA with FMC connec-
tors

• FPGA Board: Board used for prototyping is Virtex-7 vc707 with 1 GB DDR3
memory, USB 2.0 ULPI Transceiver, 128 MB flach memory, USB JTAG through
Digilent module, two FMC connectors and multiple other features

• Processor: Microblaze soft core processor with 32-bit RISC microprocessor con-
figurations is used. It is a part of the Embedded Processor Development Kit

To setup the system, the components are connected as shown in fig(7.1). A cable

from the antenna is connected to RF+DC port of bias tee using SMA connectors. Power



supply is connected to GND and DC ports on the supply side of bias tee. Lastly, RF

end is connected to RX1 channel of fmcomms-3 card using SMA connectors. The

fmcomms-3 card is connected to FPGA using FMC connector 1 embedded on the board.

For interfacing AD9361 with FPGA, Analog Devices has provided a reference HDL

design which is used to set parameters in AD9361 and get the In-phase(I) and Quadra-

ture(Q) phase data. The data is sampled at 4MHz and carrier removal is done in AD9361

itself.

Once bitstream is generated, the FPGA can be programmed. To run Microblaze, the

soft-core processor, SDK tool is needed. First, the hardware files including bitstream

are exported to project location and then Microblaze is programmed with the no-OS

API files provided by Analog Devices to interact with AD9361.

The navigation bits produced from tracks are observed on ILA(Integrated Logic

Analyzer).

Figure 7.2: Navigation Bits Output from Track
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CHAPTER 8

Conclusion and Future Work

Various blocks of algorithm, such as, acquisition, tracking, common memory mod-

ules were tested and verified for correct functionality through simulations and checking

against standard MATLAB codes at each step. To run the simulations, huge number of

data samples were logged from antenna using DDR3 memory and a DMA controller

built on FPGA board. After some bug-fixing, baseband modulation was successfully

achieved on live GPS data received from an antenna. Navigation bits for various satel-

lites were obtained and observed. The acquisition algorithm was well optimized for

power consumption.

Future work includes integration of Shakti processor in this design. The processor

could control filter coefficients in PLL and also the discriminator spacing of DLL. The

advantage of doing this is that if the signal-to-noise ratio suddenly decreases, the re-

ceiver uses a wider spacing in correlators to handle more noisy signals. In addition,

acquisition algorithms using FFT could be tested for performance.



The utilization summary of design on Virtex-7 vc707 board is shown in Figure-8.1

Frequency of operation:60MHz

Figure 8.1: Utilization report
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APPENDIX A

Tables for Reference

Satellite Number Code Phase Selection from G2
1 2,6
2 3,7
3 4,8
4 5,9
5 1,9
6 2,10
7 1,8
8 2,9
9 3,10

10 2,3
11 3,4
12 5,6
13 6,7
14 7,8
15 8,9
16 9,10
17 1,4
18 2,5
19 3,6
20 4,7
21 5,8
22 6,9
23 2,6
24 4,6
25 5,7
26 6,8
27 7,9
28 8,10
29 1,6
30 2,7
31 3,8
32 4,9

Table A.1: Code Phase Selection



Parameter No. of Bits Scale Factor(LSB) Unit
IODE 8
Crs 16* 2−5 m
∆n 16* 2−43 semicircle/s
µo 32* 2−31 semicircle
Cuc 16* 2−29 radian

e 32 2−33 dimensionless
Cus 16* 2−29 radian√
a 32 2−19 m0.5

toe 16 24 s
Cic 16* 2−29 radian
Ωo 32* 2−31 semicircle
Cis 16* 2−29 radian
io 32* 2−31 semicircle
Crc 16* 2−5 m
ω 32* 2−31 semicircle
Ω̇ 32* 2−31 semicircle/s
i̇ 14* 2−43 semicircle/s

Table A.2: Decoding Scheme for GPS Ephemeris Parameters

IODE issue of data, ephemeris
∆n mean motion correction
µo mean anomaly at toe
e eccentricity√
a square root of semi-major axis

toe reference epoch of ephemeris
Ωo longitude of ascending node at toe
io inclination at toe
ω argument of perigee
Ω̇ rate of Ωo

i̇ rate of i
Crs,Crc correction coefficients for sine and cosine terms of r
Cis,Cic correction coefficients for sine and cosine terms of i
Cus,Cuc correction coefficients for sine and cosine terms of ω

Table A.3: Ephemeris Parameters Definition
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