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Implementation of an FSK Modem
Using the TMS320C17

Abstract

This report presents a complete hardware design for a splitband
modem, and the software to implement a V.21/Bell 103 300-bps
modem, using a TMS320C17 DSP.

Q The first section reviews basic modem concepts and
definitions and introduces frequency shift keying (FSK) data
modulation.

O The second section describes the major functional blocks of
the FSK modem system.

B Host Interface

B Modem Controller

B Digital Signal Processor
B Analog Front End

Q The third section discusses DSP software implementation of
the V.21/Bell 103 300-bps modem, using a TMS320C17 DSP.

Q The fourth section reviews some issues involved with

incorporating additional code into DSP software provided in
Appendix B.

O The fifth section summarizes conclusions.

Q Appendix A is a derivation of the filter coefficient value
required for the sample fraction time delay.

Q Appendix B is the source code listing for the TMS320C17
modem implementation.

The report also includes flow chart and tabular frequency and
phase step data.
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Introduction

This application report presents an implementation of a 300-bit-per-second (BPS)
modem conforming to the V.21 and Bell 103 standards, using a TMS320C17 Digital Signal
Processor (DSP).

The purpose of this application report is, with references [1], [2], [3], to provide
a complete hardware design for a splitband modem and the software to implement a
V.21/Bell 103 300-bps modem. The designer can then concentrate on developing value-
added functions, such as V.22bis or V.22 standard modems, encryption algorithms, etc.
These value-added functions are implemented in software and can be easily incorporated
into the TMS320C17 software provided in Appendix B.

The structure of this report is as follows:

The first section reviews basic modem concepts and definitions and introduces
the reader to frequency shift keying (FSK) data modulation.

The second section describes the major functional blocks of the FSK modem
system presented in this report:

— Host interface,

— Modem controller,

— Digital signal processor, and
— Analog front end.

References to documents describing the actual hardware implementation are
provided.

The third section discusses the DSP software implementation of the V.21/Bell
103 modulator/demodulator using the TMS320C17 DSP.

The fourth section reviews some of the issues involved with incorporating
additional code into DSP software provided in Appendix B.

The fifth section concludes this report.

Appendix A is a derivation of the filter coefficient value required for the sam-
ple fraction time delay.

Appendix B is the source code listing for the TMS320C17 modulator and
demodulator implementation.



Background

Over the past decade there has been a proliferation in the number and the use of
computer systems. Accompanying this growth, there has been an increased demand for
data communications between the various computer systems and terminals.

One of the most convenient and frequently used methods of data communications
between geographically separated computer equipment is via the Public Switched Telephone
Network (PTSN). The essential element for this method of data communication is the
modem.

The modem converts the digital data it receives from the computer system or ter-
minal into a modulated analog signal that is transmitted via the telephone network to the
destination computer system or terminal. At the destination, the receive modem demodulates
the received signal and transfers the digital data to the receiving terminal or computer
system. '

Table 1 shows a number of popular modem standards as specified by either the In-
ternational Telegraph and Telephone Consultive Committee (CCITT) or the Bell System.

Table 1. Bell and CCITT Modem Standards

Data
Stand Type* dulati Dupl
Modem tandard ype Modulation Rate (BPS) uplex
Bell 103 S/B FSK 300 Full
202 S/B FSK 1200 Half
212A S/B DPSK 1200 Full
201 S/B DPSK 2400 Half
CCITT V.21 S/B FSK 300 Full
V.22 S/B DPSK 1200 Full
V.22bis S/B QAM 2400 Full
V.32 E/C QAM 9600 Full

* S/B = Split band E/C = Echo Cancelling

Modems can be either half-duplex or full-duplex. In a half-duplex system, the
transmission can be in either direction; however, only one direction is possible at a time.
A half-duplex modem cannot simultaneously transmit and receive information. At the end
of its transmission sequence, the modem must advise the receiving modem that the se-
quence is complete. The receiving modem may then begin transmitting data.



In a full-duplex system, the data transmission is bidirectional. Both modems may
simultaneously transmit and receive data. Bidirectional (simultaneous data transmission)
is achieved by either splitband or echo cancellation techniques.

Figure 1 shows the spectral response of a typical telephone channel. A splitband
modem uses a filtering scheme to separate the telephone channel into two distinct fre-
quency bands. One band is dedicated to the transmissions of the originate modem, the
other band is dedicated to transmissions of the answer modem. To separate the received
signal from the received and transmitted signal that is detected on the two-wire telephone
line, the modem removes the transmitted signal frequency band using a splitband filter
[1], [4], or by other means (such as software implemented on the DSP). Dividing the
telephone channel into two separate non-overlapping frequency bands limits the maximum
baud rate.
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Figure 1. Spectral Response of a Typical Telephone and a V.21 Splitband Modem

The actual bit rate of the channel is determined by the baud rate and the data modula-
tion scheme that is employed. Splitband type modems are typically used in low- to moderate-
speed applications. As shown in Table 1, each modem standard uses a particular modula-
tion scheme. For example, CCITT V.21, V.22, and V.22bis standards specify the fre-
quency shift keyed (FSK), phase shift keyed (PSK) and quadrature amplitude modulation
(QAM) schemes respectively.
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Echo cancellation type modems, such as V.32, transmit both the originate and answer
signals on the same channel. This allows both the originate and answer modems to utilize
the complete bandwidth of the channel and to maximize the data baud rate. It is still
necessary to separate the receive signal from the receive and transmit signal detected on
the two-wire telephone line. However, the originate and answer signals are superimposed
on the same channel band, and separating techniques that are more sophisticated than those
found in splitband-type modems are required. The fact that transmit signal is typically
20 dB stronger than the receive signal, as measured on the transmit Tip and Ring, further
complicates the extraction of the receive signal.

Echo cancellation type modems use algorithms that subtract an estimate of the transmit
signal from the signal sampled from the two-wire telephone line, to determine the receive
signal. Refer to [5] and [6] for further information on Echo cancellation type modems.

Table 2 shows the transmission frequencies for answer and originate modes for both
the binary FSK modulated 300-bps V.21 and Bell 103 standards. It also shows details
of the V.23 and Bell 202 1200-bps half-duplex standards.

Table 2. Binary FSK Transmission Frequencies

Modem Standard Carrier (Hz) 1(Mark) (Hz2) 0(Space) (Hz)
V.21 Originate 1080 980 1180
Answer 1750 1650 1850
BELL 103 Originate 1170 1270 1070
Answer 2125 2225 2025
V.23 1700 1300 2100
BELL 202 1700 1200 2200

Since this report is primarily concerned with the 300-bps V.21 and Bell 103 stan-
dard modems, it is worthwhile to review FSK data communication.

These are the primary advantages of an FSK system:

1. There is no requirement for carrier phase recovery; this reducing system com-
plexity.

2. Increased immunity to amplitude nonlinearities. FSK is a constant envelope
signal, with the information transmitted in the zero crossings. It is less affected
by amplitude nonlinearities than amplitude modulated schemes, and

3. The modulator and demodulator architectures are easily implemented in
software.



The primary disadvantage of FSK modulation is its low spectral efficiency. Because
the telephone network is bandlimited to 4KHz, only moderate data transmission rates over
the telephone network are supported by an FSK modulation scheme. As a consequence,
FSK is often the favored modulation scheme for very low cost, low-to-moderate speed
data communication systems.

Subsequent sections of this report discuss FSK modulation and demodulation in some
detail. It is important that you understand the mathematical representations of FSK signals.
FSK modulation is represented in the following manner:

S(t) = cos((wetow)*t + @) 0))

where S(t) = Transmitted signal
we = Carrier frequency
6w = Frequency shift
t = Time
¢ = Phase shift

For a given baud period T, S(t) is at a frequency f;=(f.+ 6f) or fo=(f.— 6f), cor-
responding to the transmission of a 1 or 0, respectively, for the duration of the baud period.
In some cases, it is convenient to represent

wo = we — O, )
W] = we — b,

Thus the following identities are true:

we = (w1 + wp)/2 ‘ 3)
6w = (w; — wg)/2

Some binary FSK modulation schemes, such as V.21, have wq greater than w;; so by (3),
dw would be negative. Figure 2 shows an FSK signal transmission.

Note that the telephone channel provides limited spectral bandwidth. To achieve
progressively higher data rates, more spectrally efficient modulation schemes, such as
PSK and QAM, must be used. As spectral efficiency increases, typically, the complexity
of the signal modulation and demodulation schemes increase. Additional information on
modulation schemes can be found in references [4], [S], [6] and [7].
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Figure 2. FSK Signal Transmission
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System Description

As discussed in the introduction, this application report presents the implementation
of a V.21/Bell 103 300-bps FSK modem using a TMS320C17 Digital Signal Processor.
The system hardware is identical to that of the Texas Instruments DSP2400 modem [1].

There are significant functional differences between the modem design provided here
and the DSP2400 modem. These result from the differences between the TMS320 code
provided in Appendix B and the DSP2400 code. The software found in Appendix B im-
plements a V.21/Bell 103 FSK modem. The DSP2400 also implements V.22, Bell 212A,
and V.22bis standard modems that implement PSK and QAM modulation/demodulation
and the associated carrier recovery, clock recovery, and adaptive equalization functions.

The software in Appendix B provides all the necessary hooks so that the designer
can easily incorporate his own custom value-added features (such as V.22 and V.22bis
standard modems). Nevertheless, the reader should be aware of the difference between
the DSP2400 software implementation and the software in Appendix B, particularly when
referring to any DSP2400 related literature [1], (2], [3].



Figure 3 is a block diagram showing the components of the modem system. The
modem consists of the following subsystems:

1. Host interface
2. Modem controller

. 3. Digital signal processor
4. Analog front end

HOST IFF

8250 UART | SERIAL
PC + Lo
BUS SN74ALS245 75T
AND |
SN74ALS30 |
|
|
|

TCM20C19
CODEC

SC11005
BANDPASS
FILTER

+
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F———————

(OPTIONAL)
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UNE IF
(DAA)

CONTROL
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Figure 3. Block Diagram of Modem System Components

The designer must provide an interface between the host data terminal equipment
and the modem controller. The DSP2400 uses an 8250 UART (plus a 74LS245 buffer
and a 74ALS30 NAND Gate) to interface between a standard PC-AT and the modem con-
troller. A standard RS-232C interface is used between the UART and the modem con-
troller. The circuit diagram and additional information on the host interface used for the
DSP2400 Modem can be found in [1].

The modem controller (80C51, TMS70C42, etc.) handles the overall modem con-
trol [3], directs the handshaking sequences, etc. It specifically performs the following
functions:

AT command set interpretation
Scrambling/descrambling

Pulse dialing
Synchronous/asynchronous conversion
Modem configuration control
Protocol initialization

SR S

The modem controller sends a command to the DSP once per baud. Table 3 is a
complete list of the commands, showing the structure and functions that are implemented.



Table 3. Modem Controller Commands for the DSP

Command

Code

Description

Protocol Select

Fxh

Select protocol

Bits 1, O — Speed select
0 0 = 300 BPS
01 Reserved
1 0 = Reserved
11 Reserved

Bit 2 — CCITT/Bell
0 = CCITT
1 = Bell

Bit 3 — Answer/originate

n

0 = Answer
1 = Originate

Reserved

Exh

Reserved command

Operation Select

Dxh

Select operating mode
(bits 3, 2 reserved)
0 0 = Line mode
01 Analog loopback
1 O = Reserved
1 1 = Reserved

Reserved

Cxh

Reserved command

Reserved

Bxh

Reserved command

Reserved

Axh

Reserved command

Transmit DTMF Tones

9xh

Dial DTMF and return to configuration mode
xxxx = D3-DO; numbers 0-9, A, B, C, D,
* and #




Table 3. Modem Controller Commands for the DSP (Concluded)

Command

Code

Description.

Transmit Mode Select

8xh

Enable answer tone/data select
Bits 1, 0 = Transmit select
00
01
10
11
Bits 3, 2 = Select answer tone frequency
0 0 = 2100 Hz answer tone (V.21)
01 2225 Hz answer mark (Bell 103)
10 2025 Hz answer space (Bell
103)
11

Transmit idle

Transmit answer tone
Transmit data mode enable

Reserved

Reserved

Receive Mode Select

7xh

Select receive configuration
(bits 3,2 reserved)
0 O = Receive idle mode
01
10
11

Reserved

Receive data mode

Reserved

[

Reserved

6xh

Reserved command

FSK Mode

5xh

Select 300 BPS mode
(bits 3,2,1 reserved)
0 = 300 BPS mode deselect
1 = 300 BPS mode select

Reserved

4xh

Reserved command

Reserved

3xh

Reserved command

Reserved

2xh

Reserved command

Reserved

1xh

Reserved command

Reserved

Oxh

Reserved command




As an example, the DSP2400 uses a masked ROM version of the TMS70C42
microcontroller (denoted as a TMS70C2400A) as the modem controller. The
TMS70C2400A source code is available from Texas Instruments and includes provisions
for the V.22bis and V.22 standard modems.

One noteworthy advantage of the TMS70C42/TMS320C17 interface is that it re-
quires no external glue logic [7]. For complete information on the TMS70C2400 Modem
Controller, including the call originate and answer sequences, refer to [2].

The TMS320 Digital Signal Processor performs the computationally intensive tasks
such as modulation, demodulation, and tone generation and detection. It does not perform
any control functions. Specifically, the TMS320 DSP performs the following functions:

Modulation/demodulation (V.21/Bell 103)
Data encoding/decoding

Filtering

Automatic gain control

Tone dialing

Call progress monitoring

QUL LD -~

The DSP is discussed in further detail in the next section of this application report.
The DSP source code in Appendix B was originally part of the code developed for the
TMS320A2400 Modem Digital Signal Processor (a ROM coded TMS320C17 DSP). The
TMS320A2400 source code also includes V.22bis, V.22, and Bell 212A standard modems,
with the software implementing the QAM and PSK modulation and demodulation schemes,
carrier recovery, clock recovery, automatic gain control, and adaptive equalization func-
tions. The TMS320A2400 and the source code is available from Texas Instruments.

Despite the differences between the code provided in Appendix B and the
TMS320A2400 code, [1] and [3] are useful references, providing technical information
about TMS320C17 modem applications.

The analog front end is composed of a TCM29C19 combo codec [9], a SC11005
bandpass filter [10] and a data access arrangement (DAA) telephone line interface com-
posed of discrete components. The codec converts an 8-bit u-law companded bit stream
to an analog waveform and vice versa, at a 9.6-KHz sampling frequency. The SC11005
is a splitband filter that separates the transmit and receive carriers and performs the re-
quired signal shaping to the analog waveform. The DAA section is composed of a number
of discreie components and is required to interface the modem to the public telephone
network as dictated by FCC Rules Part 68. The analog front end circuit diagram is found
in [1]. Further technical details are found in [2].



The DSP Software Implementation

The code provided in Appendix B is written specifically for a Texas Instruments
TMS320C17 Digital Signal Processor. The key architectural features of the TMS320C17
are these:

4 Kwords (8 Kbytes) of on-chip maskable ROM

256 words of on-chip data RAM

Two full-duplex serial ports

On-chip companding hardware (u- or A- Law)

On-chip sign magnitude/two’s complement conversion hardware
A coprocessor port

6.25-MIPS maximum execution speed

TMS320E17, with 4 Kwords of on-chip EPROM substituted for the 4 Kwords of
maskable ROM, is also available for development and prototyping purposes. Refer to [8]
and [11] for additional information on the TMS320C17 and TMS320E17.

The TMS320C17 source code listing file is found in Appendix B. The code requires
approximately 50 words of data RAM and occupies 1100 words of program ROM. Of
the 1100 words of program memory, 390 are coefficients, and the remaining 710 words
are the program instructions. The software consists of a main program that references
various subroutines. These are the main subroutines found in the program:

NoUuR LN~

Command control interpreter (CCI)

FSK transmitter (FSKTX)

Dual-tone multifrequency transmitter (Part of FSKTX)
Automatic gain control (AGC)

FSK receiver (RSTSK)

LR

The next section of text describes the main program. The subroutines are discussed
in subsequent sections.

Figure 4 is a block diagram of the main program (code starting at beginning of main
program label and ending at start of subroutines label) in Appendix B. Once the initializa-
tion of the data RAM and control registers (code beginning at start of additional tables
label and ending at start of main program sequencer label) is complete, the main program
loop is executed. The device remains in the WAIT loop (first four lines of code of main
program sequencer routine) until the FR flag in the control register is raised. Control register
bits 27-24 and 23-16 are set so the main program and data samples are transmitted/re-
ceived to/from the TCM2919 codec at a rate of 9.6 KHz.
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Figure 4. Flowchart of Main Program (Appendix B)



As the V.21/Bell 103 standard modems transmit data at 300 bps, a 9.6-KHz sampl-
ing rate results in 32 samples/baud. The 9.6-KHz sampling rate is very practical for several
reasons:

e It is higher than the Nyquist sampling frequency of approximately 8 KHz
for a telephone channel, and

e It is a convenient multiple of the popular modem transmission frequencies
(300, 1200, and 2400 bps).

The TMS320C17 is clocked by a 18.432-MHz oscillator. To satisfy the 9.6-KHz
sampling frequency, the number of instructions executed per sample must be less than
480. To implement the various functions required by the FSK modulator/demodulator,
it is necessary to distribute the tasks among the various samples within the baud. The com-
mand control interpreter (CCI) is executed during the first sample of the baud, and the
AGC routine is implemented during the final sample baud.

When the raised FR flag is detected, the processor exits the WAIT loop and ex-
ecutes the main program. Refer to [8], Sections 3.8 and 3.9 for additional details on the
FR flag, interrupts, and serial port. Table 4 describes the variables that are referenced
in the main program.

Table 4. Variables Referenced in Main Program Variable

Variable
Description
Name

XSCNTR ' The transmit counter; equals the number of samples that
have been transmitted in the current baud.

SCNT Number of samples in a baud, i.e., 9.6 KHZ/300 HZ =
32 samples/baud.

XOouT Output sample sent via the TX serial port to the combo
codec.

RIN Input sample sent via RX serial port from the combo
codec.

STATUS An 8-bit number used internally by the DSP. Indicates
present operating mode of the modem.

STWRD 8-bit status word sent to the modem controller by the
DSP. See Table 5.

OAFLAG Indicates if modem is in originate or answer mode.
OAFLAG = O — originate mode.

DTFLAG Indicates if the modem is transmitting DTMF tones.
DTFLAG = 1 — transmitting DTMF data.




Table 5 shows the organization of STWRD (the DSP status word that is written to
the microcontroller).

Table 5 STWRD - DSP Status Word Written to the Modem Controller

Bit No. Description
7 Enable/disable automatic gain control.
O = Enable
1 = Disable
6 EDT (in band energy)

0 = Not detected

1 = Detected
Reserved
Reserved
Received data bit (0,1)
Reserved, set to 1
Reserved, set to 1

O =N W PO

Reserved, set to 1

When the program exits the wait loop, it disables all interrupts and reads a data
sample RIN from the receive buffer or writes a data sample XOUT to the transmit buffer
of serial port #1.

At the first sample of a baud, when XSCNTR = SCNT (=31), the program im-
plements the command control interpreter (CCI) subroutine as shown in the following code.
Note that SCNT = 31, and XSCNTR is initially set at 31 and decremented by 1 every
sample. When XSCNTR equals 0, it is reset to 31, for a total of 32 samples.

LAC  XSCNTR

SUB  SCNT ; ACCUM = XSCNTR-SCNT
BLZ SEQU ; BRANCH TO SEQU IF ACCUM <O
CALL cCcCl

SEQU: LACK 030h

The CCI subroutine reads the next 8-bit command from the modem controller
(TMS70C42400A or equivalent), performs the required program control functions, and
returns to the main program.

If the DSP is in transmit idle mode, the data sample XOUT is set to 0 and sent to
serial port #1 transmit buffer.



If the DSP is not in transmit idle, the FSK transmit subroutine FSKTX is called.
Depending on the present value of STATUS as determined by the modem controller and
the CCI subroutine, the FSKTX subroutine will transmit FSK encoded data, DTMF tones,
or an answer tone. Upon completing the FSKTX subroutine, the program decrements the
transmit sample counter XSCNTR by 1 and checks to see if it is less than 0. If so, XSCNTR
is reset to 31. Otherwise, the program proceeds without any further modifications to
XSCNTR. ’

At this point, the main program checks to see if the receiver is in idle mode. If the
receiver is in idle mode, the receive sample counter RSCNTR is decremented. If RSCNTR
is not less than 0, the program returns to the WAIT loop. If RSCNTR is now less than
0, it is reset to 31, and the program then returns to the WAIT loop.

If the receiver is not in idle mode, the receiver decode/demodulation subroutine
RSTSK (receiver per sample task) is called. This subroutine demodulates the receiver signal
and estimates the value of the received data. When the subroutine is complete, the main
program decrements RSCNTR and resets it to 31, if required.

After the RSTSK subroutine is complete, the program decrements RSCNTR. If
RSCNTR is greater or equal to 0, the program returns to the wait loop. For the sample,
when RSCNTR is less than 0, the automatic gain control subroutine (AGC) is called once
per baud. The AGC subroutine monitors and compensates for any significant variation
of the received signal level caused by telephone line fluctuations and other dynamic ef-
fects. RSCNTR is then RESET to 31, and the program returns to the WAIT loop.

The main program calls the following subroutines:
e CCI—Command control interpreter
e DTMF—DTMF setup
e FSKSET—Set up FSK transmit frequency
¢ FSKTX—Transmitter mode select
e OPER—Set operating mode
e PROTO—Protocol select
e RESET—Reset and equalizer enable
e RMODE—Receiver mode select
e RSTSK—FSK demodulation
. XMODE——Transmittér mode select



Figure 5 shows a block diagram of the CCI subroutine. The CCI reads the setup
command from the modem controller (through the co-processor port PA5) and stores it
in data RAM location XDATA (The structure of XDATA is shown in Table 3). The CCI
then calls the appropriate subroutine to modify the system control bits (OAFLAG and
DTFLAG) and status register (STATUS). The CCI, depending whether the modem con-
figuring the DSP is in answer, originate, or transmit DTMF, loads the required nominal
frequency values into TXFRQ and RXFRQ. Table 6 shows the organization of the STATUS
register.

READ COMMAND FROM MODEM - ADDRESS  SUBROUTINE DESCRIPTION
o LR ot | CMETEL + O RESERVED
- ' 1h RESERVED
STORE AS XDATA oh RESERVED
Y 3h RESET
XDATA  FOh — TMP2 4h RESERVED
MASK OFF LOWER 4 BITS OF XDATA 5h FSKSET FSK MODE
STORE IN TMP2 6h RESERVED
i 7h  RMODE RECEIVED
MODE SELECT
TMP2 = 90h? CHECKFORDTMF  8h XMODE TRANSMIT
No [ ¥ ves oh DTMF  DTMFIONES.
SET DTFLAG = 1 Ah RESERVED
] Y Bh RESERVED
SHIFT TMP2 RIGHT 4 BITS E&L‘gglgppm Ch  RESERVED
: Dh OPER OPERATION
SELECT
XDATA BITS 7.6 = 1, 17 gi?ﬂ‘n’ggé"‘ Eh RESERVED
Fh PROTO PROTOCOL
NO y_YES SELECT
T™MP2 > 22
I No | y VYES
RETURN
ACCUMULATOR = CMDTBL + TMP2
Y
CALL SUBROUTINE @ ADDRESS @
ACCUMULATOR
Y

RETURN

) nJ P I s PR Y P Y oV el 2 R



Table 6. The Status Register Organization

Bits Description

7.6 Indicate Receiver Mode:
00 = Receiver in Idle Mode
01 = Call Progress Monitoring Mode
10 = Data Mode
11 = Reserved

5,4 Indicate Transmitter Mode:
00 = Transmitter in Idle Mode
01 = Transmit Answer Tone
10 = Data Mode
11 = Reserved

3 Answer/Originate Mode:

0 = Originate Mode
1 = Answer mode

2 CCITT/Bell Mode:
0 = CCITT (v.21)
1 = Bell (103)

1,0 Speed status:

00 = 300 BPS
01 Reserved
10
11

Reserved

Reserved

The setup commands from the modem controller and subroutines called by the CCI
subroutine are shown in Table 3.

The RESET subroutine loads 81h into the STWRD word that is sent to the modem
controller via the co-processor port PA5. This advises the modem controller that the DSP
has been reset. The DSP program then branches to START, and the DSP is reinitialized.

The FSKSET subroutine reads the XDATA word to determine if the next bit to be
transmitted is O or 1 and then loads the appropriate 0 or 1 frequency FOADD or FIADD
into the TXFRQ register.



When setup in answer mode, XDATA bits 3 and 2 are loaded into the STATUS
register bits 7 and 6, respectively, by the RMODE subroutine. These bits determine what
tasks the FSK receiver subroutine RSTSK will perform, as shown in Table 3 and Figure 5.

The XMODE subroutine reads XDATA bits O and 1. These bits determine what
tasks the FSK transmitter subroutine FSKTX will perform as shown in Figure 4. If the
transmit answer tone function is selected, bits 2 and 3 of XDATA indicate what the answer
tone frequency will be:

XDATA Bits 3,2 = 0,0 2100 Hz
0,1 2225 Hz
1,0 Reserved
1,1 Reserved

The program loads the appropriate answer tone value into register TXFRQ. XMODE
then loads XDATA bits 1 and 0 into STATUS bits S and 4, respectively. STATUS bits
5 and 4 determine what tasks the transmitter subroutine FSKTX will perform.

The DTMF subroutine determines what number or symbol needs to be transmitted
by reading XDATA bits 3 through 0. DTMF then loads the appropriate high-frequency
phase step, low-frequency phase step, high-frequency gain, and low-frequency gain into
the RXFRQ, TXFRQ, DTMFH, and DTMFL registers, respectively, from the Table
TONTBL.

The OPER subroutine checks bits 1 and 0 of XDATA. If bits 1 and 0 equal 0 and
1 bit 3 of STATUS is set to 1, indicating that the modem is in analog loopback mode.
If bits 1 and 0 are not equal to 0 and 1, OPER returns without performing any operations.

The PROTO subroutine selects the mode and protocol of the DSP based on XDATA
bits 3 through 0. PROTO first sets bits 1 and 0 of STATUS (indicating the modem data
rate), based on the value of bits 1 and 0 of XDATA (see Figure 7).

While the software provided in Appendix B supports only a 300-bps data rate, it
does provide the necessary hooks so that different standard modems (ie V.22, V.22bis)
can easily be incorporated into the code.

Next, PROTO checks XDATA bits 3 and 2 to determine if the modem should be
in originate/answer mode and Bell/CCITT mode.

Bit 3: 0 = Originate
1 = Answer
Bit 2: 0 = Bell
1 = CCITT

As shown in Table 2, the transmission frequencies of the Bell 103 and V.21 originate
and answer modes are unique. PROTO loads registers used by the FSK transmitter



subroutine (FSKTX) and the FSK receiver subroutine (RSTSK) with values stored in table
TONTBL in data ROM and corresponding to transmit and receive frequencies.

PROTO then uses the XDATA bits 3 and 2 to determine which constants are
transfered from table FSKTBL into addresses FIADD (transmit 1 phase step), FOADD
(transmit O phase step), BIFSK (FSK delay filter coefficient), and GAIN (FSK mode gain).
PROTO also loads addresses SCNT (baud counter=32), TRANS (FSK data transmition
N=15), A1FSK (A1 demodulator filter coefficient), A2FSK (A2 demodulator filter coef-
ficient), and DZONE (dead zone of window comparator) with the appropriate values.

If bit 3 of the STATUS word equals 1, the modem is set to analog loopback mode,
and the modem should receive the information that it transmits. PROTO checks to see
if bit 3 of STATUS equals 1; if so, the receiver parameters are modified to be the same
band as the transmitter.

The FSK modulator is implemented in the FSKTX subroutine. Figure 6 is a block
diagram of the FSKTX subroutine. The primary function of the FSK modulator is the
following: Given a stream of binary data ag, a;, a, . . ., ax—1, ak for each data element
ay = [0,1], generate a corresponding signal of frequency fo or f; for the duration of ay’s
baud period.
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ACCUMULATOR
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CALL SINGEN j

L STORE RESULT IN TXTONE 1

| TXPHS=TXPHS+TXFRQ |

DTFLAG = 1? DTMF MODE?
NO ¥ y YES
XOUT =TXTON CALL SINGEN USE RXPHS FOR HIGH FREQ TONE
STORE RESULT IN RXTONE
RXPHS = RXPHS + RXFRQ

XOUT = TXTONE * DTMFH + RXTONE

Y

RETURN

Figure 6. Flowchart of Subroutine FSKTX

Figure 7 shows a functional model of the FSK modulator. The TMS320 software
implementation of the FSK modulator generates tones by stepping through a cosine table.
The size of the phase step determines the output signal frequency. You should pay par-
ticular attention how phase angles, phase steps, cosines, and sines are represented as 16-
and 32-bit integer numbers.
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Figure 7. Functional Model of an FSK Modulator
Table 7 describes the significant variables used in the FSKTX subroutine.

Table 7. Variables Referenced in the FSK Transmitter Subroutine FSKTX

Variable .
Description
Name

TXPHS Present value of the transmit signal phase. Also used as
present phase of the low frequency DTMF tones.

TXFRQ Phase step between consecutive TXPHS samples.

RXPHS Normally used in the FSK demodulator subroutine
RXTSK. Used as present phase for the high frequency
DTMF tone.

RXFRQ Normally used in RXTSK subroutine. Also used as phase
step for high-frequency tone when transmitting DTMF
tones.

DTMFL Scaling factor for low-frequency DTMF tones.

DTMFH Scaling factor for high-frequency DTMF tones.

SINGEN A subroutine called by FSKTX. Given a 16-bit number
representing an angle from O to Pi, the SINGEN routine
determines the sine of the angle and stores the result at
address TMP3.

The software FSK Modulation routine receives data at a rate of 300 bps and generates
12-bit, two’s complement data samples at a rate of 9.6 KHz. The TMS320C17’s on-chip
hardware compander reduces the sample to 8 bits before it is sent to the Codec via the
serial port.



The most recent phase of the output signal is stored in data memory location TXPHS,
and the amplitude is read from the COSOFF table by the SINGEN subroutine. The fre-
quency of the transmitted signal is determined by the size of the phase step TXFRQ bet-
ween successive output samples: !

TXPHS[(N+1)T] = TXPHS[NT] + TXFRQ[NT]

The value of TXFRQ is determined by the FSKSET subroutine referenced by the
CCI subroutine. Recall that, depending on the instruction received from the modem con-
troller at the beginning of the baud, the CCI subroutine loaded data memory location TXPHS
with either FOADD or F1IADD. Table 8 shows the FSK frequencies and phase steps
(TXFRQ) for the V.21 and Bell 103 modem standards.

Table 8. Frequencies and Phase steps for V.21 and Bell 103 Modems

Frequency Phase Step Phase Step
Modem Standard (Hz2) @9.6 KHz | TXFRQ. Q15 hex
V.21 Originate 1 980 0.2042+Pi 1A22h
Originate O 1180 0.2458+Pi 1F77h
Answer 1 1650 0.3428+Pi 2C00h
Answer O 1850 0.3854 +Pi 3155h
Bell 103 Originate 1 1270 0.2646+Pi 21DDh
Originate O 1070 0.2229+Pi 1C89h
Answer 1 2225 0.4635+Pi 3B55h
Answer O 2025 0.4219+Pi 3600h

The magnitude of the phase step is determined by
[(Desired Frequency)/(Sampling Frequency)] * 2«

In the case of the originate 1 of the V.21 modem, the phase step equals
(1270/9600) * 2w = .2646 7 Radians

Both TXPHS and TXFRQ data memory locations are 16-bit binary numbers in Q15
two’s complement notation equal to

(Output Signal Phase)/r.



Thus TXPHS hex values

2000h = /4
4000h = /2
6000h = 37/4
8000h = -7
A000h = —37/4

An advantage of this approach is that the phase of the output signal is continuous.
This provides a higher spectral efficiency than that of a discontinuous phase FSK implemen-
tation.

The sine generation subroutine SINGEN subtracts #/2 (4000h) from TXPHS and uses
this phase to read the amplitude from the COSOFF table. The symmetry of the cosine
function has been used to reduce the table size from 513 to 257 elements, with data memory
addresses COSOFF, COSOFF + 128, and COSOFF +256 corresponding to 0, x/2, and
= radians, repectively. To determine the cosine of an angle outside the 0-to-7 range, the
program utilizes the two’s complement format of the data and the absolute value function
ABS. As an example, assume that the present phase TXPHS is

TXPHS(N) = (—170/256) * = = —.6640625 * = = A600h
If we are transmitting a 1 in V.21 Originate mode, the phase step is
TXFRQ = .26448 * = = 21DDh
The next value of:

TXPHS(N+1)

TXPHS(N) + TXFRQ
—.6640625 © + .26448 ©
—.3995825 «

= A600h + 21DDh = C7DDh

The subroutine then subtracts 7/2 (4000h) from TXPHS, so the sine of angle TXPHS
can be determined from the Cosine table:

ANGLE = TXPHS(N+1) — =/2
—.3995825 * -5«
—.8995825 «

= C7DDh — 4000h = 87DDh

Note that TXRFQ is added to TXPHS(N), and #/2 is subtracted from TXPHS(N +1)
with the sign extension suppressed, so TXPHS(N +1) = 87DDh. This represents 1.06143
7 as an unsigned number or —.93857 = as a signed number. If we now consider
TXPHS(N+1) a signed and take the absolute value:

ABS[TXPHS] = ABS[87DDh] = 7823h representing .93857 =



Note that:
Cos(1.061437) = Cos(.938577) = —.98144
The cosine table address is generated:
COSSOFF + (7823h/80h) = COSOFF + FOh
The value at Data Memory address COSOFF + FOh is
Cos((240/256)T) = —.980786 = 8276h, Q15 2’s complement notation

Within the limits of the cosine table precision, the calculated output value equals
the value read from the table.

The structure of the FSK Demodulator is shown in Figure 8.

cos(( wg = Awg) t + 0)

—s! AGC X LPF #| SLICER |—»{ DECISION |—»

- + Sin (Awr)

cos((wg £ Aw) (t—1) + 0)

Figure 8. FSK Demodulator

The received FSK signal is sent to the DSP from the Codec via the serial port. The
on-chip companding hardware expands the signal from an 8- to 13-bit value. The automatic
gain control routine compensates for transient signal level variations and sends the amplitude
adjusted received signal R(t) to the software demodulator.

R(t) = cos[(wctow)* t + ¢] C))

As this is a binary FSK system, the frequency of this signal is either w, — w or
we +0w, depending on whether a 0 or 1 was sent. (Recall from the V.21 signal that dw
is less than 0.)

The received signal R(t) is multiplied by a delayed version of itself:
R(t — 7) = cos[(we6w) * (t —7) + @] )



Where 7is the signal delay.

The product of the received signal (4) and delayed received signal (5) is
2 * cos[(we£0w) * t + @] * cos[(we+bw) * (t — 7)] 6)
= cos[2(wct0w) * t — (wctdw) * 7 + 2 * ¢] + cos[(wet0w) * 7] @)

If w. 7 is set to equal 7/2, and (7) is lowpass filtered to remove the double frequen-
cy component, the resulting signal is

cos(m/2+dw * 7) = sin(+déw7r) = + sin(éw) (8)

If dw is greater than O, then the sign of the lowpass filter output will be positive
or negative, depending on whether w; + 8w or w, — dw is originally transmitted. If dw
is less than 0, obviously the opposite relationship is true. The sign of the lowpass filter
output indicates the value of the received data.

The TMS320 software implementation of the 300-bps FSK Demodulator is found
in Subroutine RSTSK, Subroutine CCITT, and Subroutine FDEM20 in Appendix B.

The AGC subroutine provides the RSTSK subroutine with a Q11 two’s complement
format received signal sample at a rate of 9.6 K samples per second.

As previously discussed, the data is extracted from the received signal by multiply-
ing the received signal by a /2 delayed version of itself, cos[(wc+0w) *t + ¢ — 7/2+éw
* 7]. The product is then passed through a lowpass filter to remove the high frequency
components.

If the desired phase delay is

we * T = 72, )
then

7= 1/(4 * £ (10)

The sample rate is 9.6 KHz, or a period T = 104.167 us. Table 9 shows the carrier
frequencies, for both the V.21 and Bell 103 standards, the time delays corresponding to
a 7/2 phase delay and the equivalent number of 9.6-Khz samples. Note that none of the
delays are exact multiples of the 9.6-KHz sampling period; each delay has an integer and
fractional part.



Table 9. Carrier Frequency and Time Delays

Frequency # of 9.6-KHz
Modem Standard
odem Standar (Hz) 7lus) Samples
V.21 Originate 1080 231.481 2.2222
Answer 1750 142.857 1.3714
Bell 103 Originate 1170 213.675 2.0513
Answer 2125 117.647 1.1294

To minimize the probability of error, it is necessary that the phase delay be as close
to w/2 as possible. An accurate estimate of the fractional part of the delay must be total
phase delay. This is achieved by using a single zero FIR filter.

R((n — a)T) = GAIN * [R(nT) + BIFSK * R((n—1)T)]) (11)

where  R(nT) is the nth sample of the received signal R(t)
R((n — a)T) is the estimate of the fractionally delayed signal

n is an integer

«a is the desired fractional delay , 0< a <1

The filter coefficient BIFSK and GAIN for the fractional delay filter of each V.21
and Bell 103 carrier are shown in Table 10. The derivation of the gain and filter coeffi-

cients are shown in Appendix A.

Table 10. Time Delay and FIR Filter Coefficients

Fractional Delay
M Standard F Gai B1FSK
odem Standar requency 9.6KHz ) ain
V.21 Originate 1080 .2222 .69753 .32796
Answer 1750 .3714 1.00000 .68889
Bell 103 Originate 1170 .0518 .57731 .07175
Answer 2125 .1294 1.00000 .31678

B1 and GAIN are stored in data memory locations BIFSK and GAIN, resepective-

ly. The actual implementation is

PDEL1 = AGCOUT + BIFSK * PDELO

where AGCOUT is the received signal after the signal level has been compensated
by the automatic gain control routine.




AGCOUT = cos[(wet6w) * nT + ¢ ]

PDELO = cos[(wctdw) * mn—1)T + ¢ ]

PDELl = cos[(w.téw) * (n—1-a)T + ¢ ], 0< a <1
PDEL2 = cos[(wctéw) * (n—2—a)T + ¢ ]

Since AGCOUT, PDELO, PDELL1, and PDEL2 are consecutive data memory loca-
tions, the integer multiples of the 9.6-KHz sample delays are easily achieved by using
the data move (DMOV) instruction. PDELL is calculated after the demodulator product
operation and is not used until the next sample period, a delay of one sample period.

For the low-frequency carriers of the V.21 and Bell 103 standards, a second delay
is required and is implemented as DMOV PDELI, moving the contents of PDEL]1 into
data memory PDEL2.

When the sample delayed signal (PDEL1 or PDEL2 for the high- or low-frequency
carriers, respectively) is generated, it is multiplied by the most recent sample AGCOUT.
The product of the multiply is stored in data memory location PROD. PROD is multiplied
by GAIN and then filtered by a second-order direct-form, lowpass IIR filter, and the result
is stored in location LPFOUT. Further information on digital filters can be found in [12],
[13].

Given the lowpass filter output LPFOUT, the FSK demodulator must now estimate
the value of the received signal.

In the Data Estimation routine, the following memory location addresses are called:

BDATA  — The data estimation for the previous baud.

FSKDAT — Data estimation of the current sample.

BAUDCK — A record of the number of samples presently taken in the current
baud. Recall that the sample rate is 9.6 KHz and the baud rate is
300 Hz; so there are 32 samples/baud.

COUNTR — The data estimations of each sample in the current baud are com-
pared to the decision of the previous baud. If these are different,
then COUNTR is incremented. If COUNTR reaches 32 before
BAUDCK reaches 32, it is assumed that a data transition has occur-
red, and BDATA is set to the opposite value:

BDATA(N+1) = ABS[BDATA(N) — 1]

Figure 9 is a flowchart of the data decision source code implementation.
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Figure 9. Data Decision Algorithm Flowchart

The function of the automatic gain control subroutine AGC is to compensate for
amplitude distortions introduced by the telephone system, etc. References [5], [14] pro-
vide additional information on AGC.



Incorporating Additional Functions into the DSP

One of the important tasks the designer faces is incorporating value-added software
functions into the DSP source code found in Appendix B.

The software presented here uses only 1.1 Kwords of the 4 Kwords of maskable
ROM available on the TMS320C17. This provides you with a significant amount of code
space to implement value-added functions.

This software offers a number of hooks that facilitate the easy inclusion of addi-
tional software. Note in Table 3 (Modem Controller Commands for the DSP), that the
following commands are presently reserved : E, C, B, A, 6, 4,2, 1, and 0. Each of these
commands have bits O through 3 undefined. All of these commands can be used by the
designer to call additional functions.

You must ensure that the correct modifications are made to the modem controller
and modem DSP software. The DSP control command interpreter (CCI) must be modified
to recognize and respond to the new commands. The additional functions should be im-
plemented in either a new or the appropriate existing subroutine. The option indicating
to the main program that the new subroutine should be called, needs to be provided. This
can be done using the STATUS register, or you can define a new register.

You must also ensure that the XDATA word will indicate the present status of the
DSP to the modem controller. There are presently a number of unused bits in the XDATA
word, so incorporating the modifications in the DSP is straightforward.

Finally, you must ensure that the additional software functions do not exceed the
timing requirements imposed by the 9600-KHz sampling frequency.

Conclusions

This application report presented you with the information required to implement
a 300-bps V.21/Bell 103 FSK modem based on a TMS320C17 Digital Signal Processor.
Both hardware and software issues were discussed. A summary of the FSK modulation
and demodulation algorithms and a basic review of modems were also provided.A discus-
sion about incorporation of additional functions and software into the code provided con-
cluded this report.

Appendix A is a derivation of the FSK demodulator fractional delay filter coeffi-
cients. Appendix B is the TMS320C17 source code listing.
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Glossary of Symbols and Abbreviations

bps — Bits per second
FSK — Frequency shift keying
wc — Carrier signal angular velocity
0w — Modulation shift of angular velocity

t — Time
¢ — Phase shift

wg — Angular velocity transmitted to indicate a 0
w1 — Angular velocity transmitted to indicate a 1

7 — The amount of time the received signal is delayed in the FSK demodulator

fo — Frequency transmitted to indicate a 0
f; — Fequency transmitted to indicate a 1

(1]
(2]

(3]
(4]

[5]

(6]
[71

(8]

9]
(10]

(11]
[12]
[13]

(14]

fo — Carrier frequency
a — Sample fractional delay created by the single FIR filter
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Appendix A
Calculation of Phase Delay Filter Coefficients

A key element of the FSK demodulator implementation is the x/2 phase delay of
the carrier signal. The effectiveness of the demodulator is highly dependent on the ac-
curacy of the /2 phase delay.

In a digital system, it is highly unlikely that the time delay required for the x/2 phase
delay is an exact multiple of the signal sampling period. It will be necessary to introduce
phase delays that are a fraction of the sampling period.

To accurately generate the fractional delay, the digital signal processor uses a single
zero FIR filter. This appendix derives the coefficients for the single zero FIR.

Given the one zero FIR filter shown in Figure A-1:

Xn) + Y

2—1

Figure A-1. One Zero FIR Filter.

Y(n) = X(n) + BX(n—1) (Al)
therefore
Y(@) = X(z) + B *z~1 X(2) (A2)

= X(2) * (1 + fz-1)
The transform of the filter is F(z)
F(z) = Y@)/X(@z) = (1 + Bz} (A3)

The purpose of this filter is to introduce a precise group delay 7 (delay of the signal
envelope) to the received signal 7. is defined as

—d0(w) 4
= group delay (A4)
dw

T =



Evaluate F(z) at z = ejv to obtain the frequency response.

F'(w) = Feiv) = 1 + B e—jw (AS)
F'(w) = R(w) + jI(w) = A(w)eit) (A6)
Where R(w), I(w), A(w), and ¢ (w) are real functions of w.
A@) = |F'(@)| = [R)? + [w)?] 112 (A7)
and
¢ (w) = arctan (I(w)/R(w)) (A8)
Given
e Jv = cosw — jsinw (A9)
Substituting (A9) into (AS)
F(w) =1+ 8 cosw — jBsinw (A10)
From (A6), (A8), and (A10)
—Bsinw
P(w) = (arctan li-iiﬁcos‘g) (A11)
Substituting (A11) into (AS)
Y v T T e )) (A12)
now
d 1
K (arctan (u)) = —— * :h: (A13)
therefore
= — -1 * d —Bsinw
1 +( —Bsinw )2 dw ( 1 + Beose ) (A14)
1 +Bcosw
- ( —(1 +pBcosw)? ) * ( —Bcosw—3 )
1 + 82 + 2Bcosw (I + Beosw)? (A15)

+ B (B + cosw)
1 + 82 + 2 Beosw

364 R



Assuming 7 is expressed in terms of sample delays D
+ B (B + cosw)

= (A17)
(1 + 82 + 2 Bcosw)
Rearranging (A17) and using the quadratic equation to solve for
1-2D)cosw + ((1—2D)2cos2w + 4D(1-D))1”2
g _ 12D ((1-2D) (1-D)) A18)

2(1-D)

Given the desired group delay D, and the frequency f=w/27 (where
w = (1080/9600)27), the filter coefficient 3 can be determined using equation (A18).
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