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The Field Programmable Gate Array, or FPGA, presents hams with a
“blank canvas” for designing control circuits, modulators/demodulators
and other systems, writes VE6VH. As an example, he offers the
following article on programming an FPGA to serve as a single-chip

repeater controller.

A Single-Chip Repeater Controller
Using an FPGA

BY MARTIN ALCOCK,* VE6VH

logic?, the Field Programmable Gate Array (FPGA) has

ridden the wave of the ever-shrinking transistor to
become a platform for the digital designer similar to that of
a blank canvas to the artist. Imagine a device with a sea of
programmable elements that can implement any logic func-
tion and may be interconnected by a series of roadways to
become anything from simple logic or DSP (Digital Signal
Processing) applications to entire embedded processors and
you have an FPGA. Now stir into the mix other mega func-
tions such as flash memory, analog to digital converters and
random access memory, and you have today’s version,
which is an off-the-shelf component. To the radio amateur,
it presents an experimenting habitat to implement control
systems, modulators, and demodulators, and to inexpen-
sively crystallize any new mode into reality. To illustrate the
flexibility of these devices and an example design, this arti-

From its humble beginnings as a replacement for glue

* email: <martin.alcock @praebius.ca>

cle describes how a familiar amateur application, a repeater
controller, can be entirely realized in a single FPGA.

Figure Tillustrates how the logic elements of the FPGA are
organized. On the left of the diagram is a cell that implements
a programmable logic function, by using an SRAM-based
lookup table, and a series of multiplexers which can steer
the output to a register or to another cell. The picture on the
right shows how the cells are organized and interconnected
inside the chip. The data to configure the device can either
be downloaded from an external microcontroller, read direct-
ly from an external memory, or be contained in flash mem-
ory inside the part itself.

In the early days of the FPGA, there were fewer than 100
logic cells in the device and each had to be programmed by
hand, along with the routing between them and the I/O cells.
In today’s devices, which can have densities of over 100,000
cells, that method is no longer practical. Along with the evo-
lution of the devices themselves, higherlevel languages have
evolved that focus on describing what the logic is going to
do, not how to lay out the chip. This part is taken over by
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Figure 1. Makeup of an FPGA.
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Figure 2. A repeater state machine.

electronic design automation that creates the configuration
data. The process involves translating the source language
into logic functions, called synthesis, and then implementing
those on the FPGA fabric, called the p/ace and route. There
are two languages that are commonly used, VHDL (VLSI
High Level Description Language), and Verilog. VHDL was
developed by the military as a language to model systems,
and Verilog came from the ASIC world as a language to
describe functionality.

The two largest manufacturers are Xilinx and Altera (now
part of Intel). For this example, | chose an Altera MAX 10
FPGA, which has 8,000 logic elements, 386K of RAM, 48
parallel multipliers, a 16-channel analog-to-digital converter
and flash memory for configuration on chip. To realize the
design, | purchased an off-the-shelf development kit from
Arrow components, call the BeMicro Max 10, for the prince-
ly sum of $30. These kits are available online at <www.
arrow.com>, and can be deliveredin a few days using a couri-
er or the postal service. They are also available in Canada,
but the shipping and import duties cost more than the kit!

Designing the Controller

To keep the design small enough to fit into an inexpensive
FPGA, | chose to implement a “nanoprocessor” rather than
a generic microprocessor, which is significantly larger and
would require writing application code in a language such as
C, along with having to debug it. Starting with some basic

analysis of the problem at hand and to understand what the
nanoprocessor will do is a matter of understanding the con-
cept of a Finite State Machine (FSM), how it applies to con-
trolling repeaters and how to implement it in our FPGA. A
definition can be found in Wikipedia as “a mathematical
model of computation used to design sequential logic cir-
cuits. It is conceived as an abstract machine that can be in
one of a finite number of states.” From this definition, if we
can map the functionality of the repeater into such a machine
and design a nanoprocessor to execute the machine, then
we will have a repeater controller.

Dealing with the abstract concept of an FSM can at first be
difficult, as they do not exist anywhere in the physical hard-
ware of the device. When the repeater is operating, the
receiver and transmitter do not change in their physical form
(other than maybe getting a little warm), but if we observe
what they are doing, such as the receiver or transmitter being
active or inactive, an ID or go ahead tone being sent out, or
waiting with the transmitter off while a long-winded trans-
mission concludes, we can see a set of states starting to
emerge. Starting from the time the power is applied, the
repeateris a state in which no carrier is detected at the receiv-
er and the transmitter is off.

The initial state of a repeater when first turned on is to be
“asleep,” waiting for a carrier to be detected at the receiver
for a certain period of time to “deglitch” it from turning on the
transmitter too soon, and once that condition has been sat-
isfied, the transmitter is turned on and the identifier starts up.
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Figure 3. DTMF Decoding state

When the ID is done, if no carrier is present it, sends a “go
ahead tone,” and if still nothing is heard, then it turns the
transmitter off. This statement has identified three states, two
conditions and two actions, which can be seen in Figure 2.
There are six states, the first, or asleep state is called “inert,”
where the machine begins. The arrows in the diagram rep-
resent where it can go next, and the conditions that have to
be satisfied in order to go there. The machine remains in the
inert state until it has finished sending its ID, after which it
goes to active. Then, when the carrier drops, it changes to
the tail state, then to idle if no carrier is heard, and finally
sending the ID again and back to the inert state. A long-wind-
ed QSO will send it to the timed-out state, where it waits until
the carrier has gone away before returning to the tail state.
From the diagram, you can also see that each state has a
unigque number attached.

Adding DTMF Decoding

To complete the sequencer and make it a more attractive
controller, detecting and decoding DTMF needs to be added
to the picture. This function can be viewed as mutually exclu-
sive to the basic functions, as you will always have to have
the carrier on to send a DTMF tone, which means it will also
be in the active state when a tone is heard. Therefore, we
can have a second set of states dedicated to decoding the
tone sequence, which is entered from the active state and
returns there once the decoding is complete.

Figure 3 shows the additional states for decoding DTMF
tones. Forthis application, we willadd an autopatch and some
three-digit control functions. When a tone is detected, the
machine leaves the active state and enters a tone-detect
state, in which it waits until the digit is no longer being heard.
To activate the autopatch, a single asterisk “*” is entered on
the keypad. Once done, we are now in a state waiting for the
first digit, and in this application, we want to bar operator and
long distance calls, so if a zero or one is entered, we imme-
diately go back to the active state in the basic functions. If it

is not, we can then enter another state in which the call takes
place, returning to the active state if a “#” is entered or a time-
out is encountered. Similarly, control functions can all start
with the same digit, in this case 2, and require that three dig-
its be entered. On detecting the third digit, an action is taken.
This sequence could be extended by simply adding an addi-
tional state.

Designing the Engine
Implementing this in an FPGA requires that we build an
engine, or sequencer, that can store the current state, make

decisions based on the inputs, and take the appropriate
action. This tells us that the sequencer will only need two

instructions, one to jump on some external condition and one

to change an output. Data for the engine can be stored in a

ROM (read-only memory), whose address is generated from

the state number in the upper bits, and a counter to supply
the lower bits. A standard 8-bit ROM will suffice, as we only

need 12 states and four bits would be enough to represent

them. The ROM contents can be mapped out to define either
of the two required instructions. The counter can run from a
crystal divided down to a fraction of a second, so that
sequencing through the instructions represents increments
of time.

Figure 4 represents the component parts of the sequencer,

which you can see only requires two counters, two multi-

plexers, and three latches. At the top right of the diagram is

a latch that holds the current state number, a counter and a

multiplexer to include the DTMF digit that forms the address.

The data from the ROM is latched and divided into three
fields; four bits contain the next state, three bits are allocat-
ed to multiplex the inputs, and a single bit determines whether
to sense an input or change an output. The inputs consist of
detecting carrier on and off, a jump always or never (which

has the effect of waiting for one clock tick), sensing an exter-
nal input, detecting a DTMF tone, or the short and long-wind-

ed QSO timers. The spare input can be used to change the
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Figure 4. Block diagram of the sequencer engine.

basic operation such as the ID sequence when battery power
is being used, or detecting a ring for a reverse autopatch.
The outputs consist of an enable for the tone generator, a
tone selection bit for either the ID or the go-ahead tone, and
the transmitter PTT. The rest can be used to enable the
autopatch and up to four link transmitters or other functions.
Any successful state jump has the effect of resetting both the
counter and timers.

Implementing the FPGA

Figure 5is a block diagram of the entire design that is to be
implemented in the FPGA. All the functions with the excep-
tion the digital-to-analog converter are on the chip, which is
implemented on the BeMicro board.

The first task in implementing the design is to be able to
build the ROM contents, for this purpose a Windows appli-
cation was developed which enables editing and simulating
the operation of the sequencer operation to debug it. A sim-
ple set of “instructions” was designed to mnemonically rep-
resent what the sequencer is going to do, which are a set of
conditional jumps and setting the outputs. A screen shot of
the ROM builder program is shown in Figure 6, illustrating

the first few instructions of the inert state, and decoded into
instructions to make them more readable. A counter fre-
quency of 25 Hz was chosen, which yielded a readable
cadence for the identifier and a good reaction time to exter-
nal stimuli, the short timer was set to 10 seconds and the
long to 2 minutes.

Once we have the ROM contents, the next task is to cre-
ate the sequencer in a form that can be implemented in the
FPGA. Of the two languages available, VHDL and Verilog,
the latter was chosen as it is more suitable for synthesis and
has a C-like syntax, so any experienced programmer can
pick it up. Figure 7 shows the Verilog code that executes the
sequencer instructions. The three fields decoded from the
ROM contents are the instruction type, the operation and the
target state. The multiplexers and counters are implied.

As with any development process, the steps after coding
involve debugging and testing. In the FPGA world, the steps
are similar, except we first use a simulator to debug the
design, which is essentially a software-driven logic analyz-
er, with which we can “probe” each variable in the design,
and see how they change over time. As this is software, we
have the luxury of adding any number of probes into our
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of atelescopic antenna to
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field antenna. Availablein
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Figure 5. Block diagram of the repeater controller.
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Verilog code, the only limitis the amount
of memory on your system to store
them, and these days that is not much
of a limitation. Figure 8 shows how the
sequencer was simulated, executing
the sequence of instructions shown in
Figure 6.

FPGA, we are not bound by bytes or
words, so we can design any number-
ing system with an arbitrary number of
bits that we choose.

Once we have a model of the basic
algorithm running, the next step it to
code it in Verilog so that we can syn-

thesize it. The steps are similar to that
which was used by the model, we can
use ModelSim for debugging it, but first
we need to generate some test data.
That can be done by going back to our
model and writing the data to a file,
which is a simple program modification,

Completing the Design e

To implement the DTMF decoder, a
Goertzel decoding algorithm was
employed. There is a plethora of infor-
mation available about this algorithm
online, so | will not discuss it here.
Instead | will focus on how to implement
it in the FPGA.

The first step is modeling of the algo-
rithm using a “perfect world” to ensure
thatit works. This can be done either with
a CAD (computer automated design)

o
| Eile Run Ed

tool such as MatLab or MathCAD, if you Address
have access to either of them and know 0002
how to drive them, or by writing a C pro- et
gram for this purpose. i
To create the perfect world, the pro- 0006
gram uses floating-point arithmetic, 0007
which alleviates the implementation 0008

issues. As this is not practical for our 000%
FPGA, which does not have any float-
ing-point capability unless we build it,
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the next step is to re-implement it using
fixed point, or integer, arithmetic. In the

Figure 6. Sequencer ROM builder program.

what’'s new

AeroStream Bursts Onto the Transceiver Market

AeroStream Communications has entered the amateur radio
transceiver market with its CommRadio CTX-10 QRP trans-
ceiver. AeroStream, which manufactures its products in
Colorado, debuted into the hobby radio market in 2013 with the
introduction of the CommRadio CR-1 receiver and its follow-
up, The CR-1a SDR (software defined radio).

The new high performance CTX-10 transceiver features
embedded SDR technology, low current consumption, compact
size (5.7 x 1.6 x 6.7 inches and weighing in at 2.2 Ibs.) and sim-
ple operation.

The SSB/CW transmitter covers the amateur bands from 160
to 10 meters and the power output is adjustable between 1 and
10 watts. The receiver tunes USB/LSB/CW/AM/FM continu-
ously from 200 kHz to 30 MHz.

Superb self-contained portable operation is achieved with its
three internal 2600 mAh Li-ion batteries, providing 28.8 watt-
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hours of operation. A built in intelligent charger assures prop-
er battery management.

An internal antenna tuner further enhances portability. The
efficientand sharp OLED display is readable in low or high light-
ing conditions. Excellent durability is achieved by robust alu-
minum cabinet construction featuring metal knobs and a pre-
mium quality optical tuning encoder. A builtin CW reader is also
included.

Pricing of the CTX-10 was not available as of press time with
availability scheduled for early 2017, pending FCC approval.
For more information, visit <www.universal-radio.com> or
<www.commradion.com>.

Note: “What’s New” is not a product review and does not constitute
a product endorsement by CQ. Information is primarily provided by
manufacturers/vendors and has not necessarily been independently
verified.
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and then using that as input to our sim-
ulation. In addition, if we dump all the
variables at each stage of the model,
we can produce a set of step-by-step
intermediate results that we can com-
pare against the simulation results.
Once that is correct we now have a ver-
sion that can be targeted for the FPGA.

The tone generator can be realized in
a numerically controlled oscillator,
which consists of a sine rom lookup
table and an adder. Stepping one loca-
tion at a time through the ROM will give
us the lowest tone possible, increasing
the step size will generate higher fre-
quencies. For this application | chose to
use 400 and 800 Hz for the tones to
make them distinctive. The tones are
simply summed into the audio path
between the A/D and D/A components.

Moving to the Hardware

Now that we have all the Verilog code
written and simulated, we have a good

ideathatitshould work onthe hardware.
Using the Quartus development tool,
we can build the key components such
as the ROM and A/D converter, then
synthesize and place and route the
design. The final step is to ensure that
we meet the timing requirements, which
automatically done during the build
process by a timing analyzer. We can
tell the tools which part we are using,
and how we want our signals to be
mapped to the various pins.

Once the place and route is complete,
we can now use a USB connection to
the board to download the design and
testit. There are pushbuttons and LEDs
on the board that can be used to verify
it on a standalone basis, and hooking
up a tone pad to the A/D input and a
loudspeaker to the D/A output will
enable us to hear the ID and go ahead
tones.

However, what if it does not run when
we download it? For this purpose the

I

// run the sequencer
17

always @(posedge clk)
if(reset == 1’b1)
begin
seq_ctr[11:0]
state[3:0]
iobits[7:0]
end
else
begin
if(seq_ena == 1’b1)
// decode an instruction
begin
/1 1/O first
if(instr_type == 1'b0)
begin
seq_ctr[11:0]

<= 12’b0;
<= 4'b0;
<= 8'b0;

begin

end
end
// jump instruction
else
begin

begin
state[3:0]
seq_ctr[11:0]

end

else
seq_ctr[11:0]
end
end
end

/] reset mem ctr
// set state to zero
/ reset I/O bits

// run on clock enable

<=seq_ctr[11:0] + 1’b1;
if(operation[2:0] == 3'b001)

iobits[ioaddr[2:0]] <= iostate; // set/clear bit

if(jumpcond[operation[2:0]] == 1’b1)

<= target_state[3:0];
<=12’b0;

/l unsatisfied jump; go to next instruction
<=seq_ctr[11:0] + 1’b1;

// this address only

Figure 7. Verilog code for the sequencer.
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Figure 8. Simulating the sequencer design.

what’'s new

Miniature Operational J-36 Bug

Fans of the World War ll-era J-36 key or “Bug” can now purchase a miniature ver-
sion that is also operational. Lee Hutchins, KABIRL, is now handmaking a half-sized
replica that he dubs the QRP J-36.

The QRP J-36 has all of the adjustable features of its larger ancestors and is con-
structed of over 100 component parts. All tension limit and contact elements are pre-
sent. Bright nickel-plated brass furniture, solid silver contacts, an operating “short-
ing switch” and many other features make this key truly unique.

The overall size is 4-1/4 inches long, 1-3/4 inches wide, 1-7/8 inches high and
weighs a substantial half pound. The base is a black “wrinkle” finish that is comple-
mented with a solid brass data plate that is serial numbered. The keys are individ-
ually serialized to provide authenticity. This is a very limited production of a collec-
tor quality key.

The QRP J-36 is available now with a suggested retail price of $135, which includes
shipping to anywhere in the U.S. For more information, contact: Lee Hutchins,
KAGIRL, 23 Linda Dr, Oroville, 95966. Phone: (530) 533-2872. Email: <ka6irl@
gmail.com>. Website: <http://qrpj36.com>.
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manufacturer provides us with anin-cir-
cuit probe called “Signal Tap,” which is
also provided with the software. To use
it is simply a matter of re-compiling and
configuring it to decide what is going to
be probed. The probes use on-chip
memory which means that only a small
amount of data can be probed at any
one time, however it was sufficient to
debug the design.

In conclusion, | have illustrated how an
amateur repeater control application can
be realized as a finite state machine and
implemented in a minimum logic se-
quencer, and how it and other required
components can be implemented in a
single FPGA using an inexpensive off-
the-shelf development board. Code for
the project, the ROM builder program,
Goertzel models and further documen-
tation can be found on my website,
<www.vebvh.org>, if you want to inves-
tigate it further. Use of these devices by
radio amateurs is by no means limited to
this application alone, as other future dig-
ital modes can also be realized, the only
real limits are the size of the device and
the imagination!

Notes:

1. According to The Free Dictionary,
glue logic is a simple logic circuit that is
used to connect complex logic circuits
together.
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