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1. OVERVIEW and WORKPLAN:

The goal of the semi-custom team is to design the digital part of the project. This part captures the
data received from the 16 ADC channels and generates a frequency representation of the signal using
Fast Fourier Transform (FFT) algorithm.

Incoming data will be stored in memory cores. With the help of control units and multiplexers,
stored data will be transmitted to the FFT unit. After FFT operation is completed, FFT output will
stream data to the peripheral interface.

1.1. Work plan:

Here, the work division between the group members is explained. The details of these blocks will be
given one by one in the next sections.

Aanjhan Ranganathan:

Design of RAMs and ROM

Design of multiplexer

Input capture part integration and design of control unit for input capture
Testing of all the previous units

Synthesizing the netlist
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Design of butterfly unit (complex addition, complex subtraction, complex multiplication)
Design of address generator and clock divider

Designofc2 Y U NB f dzy A (I F@NISPBEsdNE OSaa2N Y W
Integration of FFT processor

Integration of the last top level architecture and its testing
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Sevil Zeynep Temel:

9 Design of butterfly unit (complex addition, complex subtraction, complex multiplication)

9 Testing of butterfly unit : test vector creation, writing the needed testbench and comparing
with Matlab results

| Design of control unit for FFT processor: WNB I RA Y 3 Q ¢ NINEp®& A fhesé Y R
processes control all data flow inside the FFT processor.

9 Design of Bivide_by_two(block

I Testing of the top level

Note: Radisav Cojbasic designed the switch block in our design.



2. High Level Design:
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Figure 1: High Level View of the Design

16 ADC outputs stream 8 bit digital samples in parallel per channel. The digital block operates in two
clock domains; one for reading the data from the ADCs which will be slower (and equal to the
sampling frequency e.g. 40 KHz), and another clock for the FFT computation which is at a much
higher frequency, in this case 5 MHz. The semi custom digital block is divided into two major blocks.

Olnput Capture Block

OFFT Computation Unit

Input capture Block

The input capture block is responsible for data capture from the ADC for all the 16 channels and
storing in separate memory units. This block operates in both the clock domains of ADC as well as the
FFT Computation unit as the memory units are being read at the speed of the FFT unit and being
written at the sampling rate of ADC block. This block also monitors a few status bits of FFT

Computation unit and issues control signals to the FFT block.

FFT Computation Unit

This block is responsible for the FFT Computation and comprises of the Butterfly unit infrastructure.
This unit implements the FFT Algorithm including selection of appropriate twiddle factors and
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monitoring the progress of the computation. Once the FFT computation is done it streams out the
computed data serially to the outside world. This outside world could be in effect any serial protocol
e.g. USB or UART.

3. Low Level Design:

3.1 Input Capture Part:
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Figure 2: The input capture unit

The input capture block forms a critical part of the semi custom digital block. This is the block which
interfaces with data in two different clock domains. One is the data rate at which the ADC is
transmitting its samples and the other clock domain is that of the FFT computation unit itself. The
clock of the FFT computation block is several times faster than that of the ADC clock. The major
blocks of the input capture unit are as follows;

Olnput capture memory units
OChannel Select Multiplexer

OControl Unit



3.1.1. Input Capture Memory Units:

The heart of these memory unitsis i KS & Rdzl € LI2NIE¢ YSY2NE O2NBaod 51
cores with the data received from the ADC block. Each of the 16 channels is provided with a 128

word storage unit with each word equaling 8 bits. Since we would be performing a 64 point FFT, we

have the size of the FFT input sample storage unit double that of the number of actual samples

required to ensure no loss of data.

The memory blocks are written at the ADC clock speed of 40 KHz and are read by the FFT
computation unit at about 5 MHz. The best way to achieve this multiple clock domain read and write
is to use these memory cores as FIFO units controlled by a control unit discussed later in this section.
The data from these cores are read only when the memory units have 64 samples or they are in half
full condition. This half full signal is used by the control unit to decide whether a complete set of
samples has been received in the memory unit corresponding to the channel ready to be read.

The read and write addresses are generated internallyin this block as data is read or written.

3.1.2. Channel Select Multiplexer:

Every channel is read in a round robin fashion for input data samples. This round robin scheduling is
also controlled by the control unit. The select input signal to the multiplexer is received from the
control unit that switches fft computation to the next channel when all 64 samples from the
currently computed channel are transferred to the FFT computational unit and the next channel
memory is already half full.

3.1.3. Input Capture Control Unit:

The input capture control unit controls the operation of all the blocks present inside the input
capture module. It is also responsible for signaling to the FFT computation block to start the next
computation and provide the data samples. The Control unit's major responsibilities are as follows

1. Channel Select Round Robin Scheduling

2. Keeps track of number of samples transmitted to the FFT Computation unit for
computation.

3. Monitors whether the FFT unit is busy with a computation or is free to accept new samples
for computing.

4. Monitors every input memory unit storage status for Half Full.



5. Controls the reading of the data channel wise from the input memory units in a scheduled

manner.

A brief overview of the state machine of the control unit is detailed below.
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INIT StateThe busy bit of fft unit is continuously monitored. The signals affected during this state are
the initialization of channel selection internally. No external signals are asserted in this state of the

control unit.
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implies that 64 samples of a set are available and can be transmitted to the FFT computational unit.
In this state the mux channel select is also asserted for creating a proper data path from the Dual
Port memories to the FFT Computation unit. The FFT Computational unit is signaled 12 & { ¢! w¢ CC
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TRANSMITValid input sample data is transmitted to the FFT Computational unit. The number of
samples transmitted is monitored and once 64 samples have been transmitted the state machine
returns to the IDLE state for the start of processing of the next channel. While transmitting data, the
data sent to the FFT Computation unit is 32 bits wide with 16 bits for the real part and 16 bits for the
imaginary part.
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3.2. FFT Unit;

3.2.1. The FFT Algorithm:

The FFT is a computationally efficient algorithm for computing a discrete Fourier transform (DFT).
The N-point DFT is defined as

=1
Xy = 2wy, 0Lk <N -1
]
WN _ E-_;fzmur

where N is the transform size, or number of points, and Wy being the exponential vector rotating
factor.[1]

It is common practice to call the exponentialvectorr2 G F G Ay 3 FIF OlG2N& | 6RIOS GKS
Every twiddle factor contains real and imaginary parts

W = Wr — jWi = gl-7k2m/N

3.2.2. Butterfly Unit:

The butterfly unit performs the basic FFT computation.

« A=a+ Wb

. 5 =g - Wb

-1

Figure 3 : Basic butterfly computation in the decimation-in-time FFT algorithm [2]

The following equations are realized by the unit in figure 3.
A=a+ (bxWn) wherea = ar + jai
B =a— (bxWn) where b = br + jbi

Here, inputs a and b are complex numbers. As already mentioned, the twiddle factor W\, is also a
complex number. Therefore, the addition, the subtraction and the multiplication used in the butterfly
unit are complex number operations.

In our code, we implemented complex addition, complex subtraction and complex multiplication.
During the implementation of these operations, the overflow mechanisms are handled carefully by
using the maximum and minimum values.
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3.2.3. The General Architecture:
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Figure 4: FFT Unit

FFT unit contains a RAM memory stage, two switches, a ROM and a butterfly unit. The inputs to this
unit are from the input capture block previously explained. The data received from the input capture
unit is 32 bits wide as explained before and this improved the accuracy of the computed FFT.

The RAM 0 and RAM 1 store even indexed and odd indexed samples, respectively. This manipulation
is needed to use the decimation in time FFT algorithm in the butterfly stage. A 32x32 ROM holds the
twiddle factors used in the FFT calculations. In this architecture, the functionality of switch is to re-
order and send appropriate data to the FFT butterfly. Once the outputs are ready, the result is
transmitted serially out.

3.2.4. The Data Flow for Butterfly Unit Operations:

The figures below depict 8-point FFT for ease of understanding. The below architecture is adapted

for a 64 point FFT performed in this project.
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Figure 5: Computation of 8-point FFT [2]

For a 8-point FFT, three stages are needed. For our 64-point FFT, there exist 6 stages. As it is seen in
the figure 5, in the first stage 2-point FFT operations are performed. In the second stage, the results
of the stage are used to realize the 4-point FFT operations. In the last stage, the results of the second
are used to finalize the 8-point FFT is calculation.

From the same figure, it can be seen that the inputs are provided in "bit-reversed order, and the
outputs are obtained in natural order. Also, for each butterfly unit operation, there is a need for
specific twiddle factors. So, for each operation, the correct inputs should be provided by the RAMs,
and the correct twiddle factor should be provided by the ROM. A separate address generator block is
responsible for providing the exact addresses to these blocks. For our 64-point FFT, we have 6 stages
each with 32 butterfly unit operations. The address generator unit takes the stage number and the
butterfly operation number in that particular stage as inputs and generates the appropriate RAM and
twiddle ROM addresses. The algorithm implemented inside uses barrel shift operation. Therefore,
Wol NNBf Gnd B F NININSB Bt dte implemented as sub-blocks of the address
generator unit.

3.3. The Control Unit:

A centralized control unit is designed to monitor and issue control signal to the various blocks of the
FFT Computation unit. It controls and always has the correct status information about the FFT
Computation in progress.
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Some of the control signals generated by this unit are as follows:

Appropriate select signals for the multiplexers.

Indicating the switch module to bypass a operation as computation is almost done.
Enabling write, read operations for RAMs

Gain Control Signals

=A =4 =4 =4

Controls the generation of addresses for Twiddle Factor ROM and the RAM.
Status of the FFT Computation unit (whether it is busy or free)
Data validity signals.

= =4 A

The "Start FFT Process" received from the input capture block triggers the FFT Computational unit to
start a computation process flow. Control unit is designed as three parallel processes with a state
machine containing four stages. The stages are in order are IDLE, INPUT, BUTTERFLY and OUTPUT.

IDLEstate initializes the control signals during the time between end of one 64-point FFT operation
and start of the next FFT Computation process flow. This state is also activated in case of reset.

In INPUT state 64 samples are read from the dual-port memories and written into the RAMs in
correct order. For proper FFT operation input samples are written in reverse order with even samples
written to one RAM and odd samples written to the other one.

Start ="'1'
Input Valid = "1

Q/P counter = 64 Input counter = 64

Input Valid ='1'

Stage number=5
Bfly Operation = 32
Switch1 datavalid = '1'
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Figure 7. State Diagram of FFT Control Unit

In BUTTERFLY state the actual butterfly computation is done for 6*32 times. The number of FFT
operations that are performed for 64 point FFT is equal to the number of stages (log,64) multiplied
by half the number of samples. Rather than using 192 butterfly units, which will be waste of
resources, one butterfly unit is used iteratively. Thus, during this state, 192 butterfly operations are
performed by reading data from the RAMs and after writing back the values generated during each
iteration.

Three points are important for this state. First one is the gain control. The Gain control is an optional

external input to the system. This signal indicates if the data at the specified stage will be divided by

two or not for decreasingthe gain. { Ay OS GKS AGRAQGARSYo&YHE dzy Al A&
there will not be any latency added to the system.

The second important point related with the BUTTERFLY operation is the latencies. Data is read from
the RAMs at a given time; however, there exists two clock cycle delays for this data to be ready at
the input of the butterfly unit. One clock cycle delay is due to the multiplexer after the RAMs and the
other is due to switch0. Consequently, DATA VALIDBignal should be made available after two
latencies. Also for the ROM ADDRES$I&re exist two clock cycle latencies, since data will be sent to
the butterfly unit after two clock cycles, related twiddle factor should also be introduced after two
clock cycles. For each of these latency generations, different processes are created in control unit.

Third point is related to addressing of the RAMs. Data generated at each FFT iteration will be written
back to the same memory addresses from where they have been read. Since this write back
operation could occur several clock cycles after the read operation has completed, separate read and
write addresses are controlled by this unit.

In OUTPUT state computed data will be transmitted serially. Data will be read in correct order from
the RAMs. Due to the property of decimation is time based FFT operation, the bit reversed inputs
lead to natural outputs after the FFT operation and hence no order manipulation is required.

3.4. The Combination of Sub-Blocks:

The input capture block and the FFT Computation block are integrated separately and tested.
Further, these two black boxes are integrated along with the CLK Divider module (integrated into the
FFT block itself) to make the final Semi Custom Digital block.
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3.5. Clock Calculation and Clock Divider:

3.5.1. Clock Calculation:

In the proposal, the following calculations are done to determine the clock frequency.

Writing to and reading from iteration number of butterfly unit (6 stages

the primary memory stage each with 32 butterfly operations)

\‘ ¢ time required for new

64+64+6+32 64
Fclk 40K hz

Number of channels 35 1 6 ¥ ¢inputs to come

In order to have a correct operation in the circuit, the FFT computations of all channels should be
finished before the arrival of new inputs. By solving the equation above, Fclk is calculated as 3.2 MHz.
It is decided to add some margin to this frequency to avoid errors. This extra time is needed to
handle the switch delay and uncertainties of the design. The final clock frequency is targeted at 5
MHz.

3.5.2. Clock Divider:

This block is used to create the clock signal of the Analog-to-Digital Converter (ADC) part of the
project. ADC works with a clock frequency of 400 KHz, and they provide the FFT processor inputs at
40 KHz. As semicustom group, we are responsible for creating ADC clock. As it is pointed out above,
in the proposal, it is decided the clock of FFT unit as 5MHz. With a simple clock division algorithm, it
is possible to divide a frequency with an integer. The important point about division is obtaining a
50% duty cycle. The duty cyclerefers to the percentage of the full cycle during which the signal
remains at logic 1. In order to obtain a 50% duty cycle, the frequency should be divided by an even
integer. By dividing 5MHz by an even integer, it is not possible to obtain 400 KHz. Therefore, the
clock frequency of FFT unit is changed to 4.8MHz. This way by dividing this frequency by 12, 400 KHz
clock is created. The division is simply done by using a counter in our code.

The input signal of this block is the clock signal of FFT and the output signal is the clock signal of ADC.

4. Results:

4.1. Testing and Verification of the Units:

For verifying the correct operation, the test strategy used is as below. Random input test vectors
were generted using Matlab.A functionally similar Matlab model was used to understand the FFT
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operation during the design phase and also the same is used to compare outputs from the designed
semi custom block.

Testing of the FFT block is done by reading the matlab generated input vectors from a file through
File 1/O operations in VHDL. The resulting FFT Computation outputs are written into an output file.
This output is compared with the outputs generated by the Matlab model for any errors.

The results obtained from the semi custom design would vary slightly due to saturation and div
operations. The test strategy was to test the butterfly unit as a single combinational entity. Then the
FFT COmputational unit as a block was tested. Similarly the input capture block was tested as a single
entity and once the functionality of these sub blocks were verifed, the complete top level testing was
performed.

4.2 Synthesis Results:

UMC 0.18um technology library is used for the synthesis of the semi custom blocks. Though the
semicustom block works in two different clock domain, we use the higher clock frequency as one of
the synthesis constraints. The blocks were synthesized for 10 MHz clock frequency.

Input Capture Block Synthesis Report Values

Total cell area: 35961.000000
Slack: 96.66 ns (MET)
# Cells: 29

FFT Computation Unit Synthesis Report Values

Total Cell Area: 103026.000000
Slack: 60.17 ns (MET)
# Cells: 11051

Final Semi Custom Synthesis Report Values

Total Cell Area: 138183.000000
Slack: 59.45 ns (MET)

# Cells: 14842
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5. Remaining Work and Re-use of the Semicustom Part Blocks:

The initial goal of the project was to place and route the entire digital block as a single piece including
the multipliers and adders done by the Full custom team. Due to lack of time and initial under
estimation of the complexity of the FFT Semi Custom block, this Place and Route task is yet to be
completed. All the semi custom modules are synthesized and results have been provided above.
Power estimation of the entire unit is also a pending task.

The vhdl code files provided by our group can easily be reused by others. The only point to care
about is the order that should be preserved during the compilation of the files. Throughout the
whole design, we always form the bigger blocks by combining the smaller sub-blocks. Therefore,
some files should be compiled prior to some files. Here, we propose a compilation order for further
use:

9 Input Capture Part:
U input_capture_dpram.vhd
U input_capture_fifo.vhd
U input_capture_mux.vhd
U input_capture_control_unit.vhd
U input_capture_top.vhd
I FFT Processor Part:
U bu_adder.vhd
bu_subtractor.vhd
bu_multiplier.vhd
bu_complexmult.vhd
bu_butterfly.vhd
fftunit_mux.vhdl
FFTUnit_RAM.vhdlI
TwiddleROM.vhdI
Switch0.vhd
Switchl.vhd
barrel_left.vhd
barrel_right.vhd
address_gen.vhd
clk_div.vhd
bu_divide_by 2.vhd
U control_unit.vhd

AN e e et e B el et e e R et Y e et S et S e R e S

' Top Level Part:
U top_level fft.vhd
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