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Introduction

Symmetric high-bit-rate digital subscriber line (SHDSL)
was defined by the new ITU international standard
G.991.2 in February 2001. This digital subscriber line uses
advanced line coding and error correction technology,
baseband Trellis-coded pulse amplitude modulation
(TC-PAM), and symmetric power spectral density (PSD)
to achieve symmetrical bit rates up to 2.3 Mbps at dis-
tances of over 12,000 ft. It provides full-duplex transmis-
sions with multiple rates from 192 kbps to 2.3 Mbps over a
single twisted-pair copper wire with extended transmis-
sion reach. SHDSL was developed to replace older DSL
technologies such as HDSL, SDSL, ISDN, and IDSL. It is
often used to provide symmetrical T1 and E1 service.

The implementation of SHDSL technology is based on a
VLSI chipset including a digital signal processor (DSP)
and an SHDSL analog front end (AFE). The DSP performs
the functions of framer, encoder, decoder, and PAM engine
under the control of an on-chip or off-chip microprocessor.
The AFE provides the necessary interface between the
DSP and the telephone line, which includes A/D converter,
D/A converter, shaping filter, gain control, and line driver.
With the chipset, a minimal but necessary external circuit
is needed to provide the best speed, power, linearity, and
signal-to-noise ratio (SNR) for the system. In this article a
new Texas Instruments SHDSL analog front end, the
AFE1230, and its basic application design are described to
enable users to take full advantage of AFE1230 for DSL
applications. This article includes details of both the exter-
nal digital interface configuration and the analog interface
circuit design.

AFE1230 function

The AFE1230 provides upstream and downstream data
conversion over a wide range of speeds from 64 kbps to
2.5 Mbps, so that it covers a range of bit rates beyond that
of standard SHDSL. As a transceiver, it consists of a trans-
mitter and receiver. The transmitter section includes a
digital interpolation filter; a 16-bit £A D/A converter; a
user-selectable fifth- or seventh-order, switched-capacitor
(SCO) low-pass filter; and a differential output line driver.
The receiver section includes a digitally programmable
gain amplifier, a 16-bit XA A/D converter, and a digital deci-
mation filter. Via the digital serial interface, the AFE1230
receives a 24-bit word including a 16-bit data word and an
8-bit control byte. The received 16-bit word is upsampled
by 2 through a digital interpolation filter to remove out-of-
band images in the signal; it is then oversampled by the
2A modulator with a factor of 12 and processed by the
multi-level DAC section to facilitate the D/A conversion.
The quantization noise from the A D/A is then filtered by
the on-board tx filter (the fifth- or seventh-order, SC
Butterworth low-pass filter). At the same time, the signal
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is shaped by the tx filter to meet the SHDSL PSD require-
ments. Depending on the particular response desired, the
tx filter can be programmed for three different corner
frequencies as well as two filter (fifth- or seventh-order)
configurations. The subsequent analog signal is sent to the
on-chip line driver with an appropriate line transformer to
provide up to 14.5-dBm power to a 135-Q line for SHDSL.
In addition, the on-chip line driver can be used as an out-
put buffer to generate 17 dBm into a 135-Q line via an
external line driver such as the OPA2677 or OPA2607 for
HDSL2 and DMT signal. The transmit power is controlled
by the digital input.

In the receiver section, a differential input amplifier
sums the signals from the line and hybrid path to perform
first-order analog echo cancellation and programmable
gain control. A fourth-order cascaded ZA A/D converter
with an oversampling ratio of 24 digitizes the resultant
signal. The subsequent signal is processed by a fifth-order
sinc filter and a programmable IIR filter for additional
quantization noise reduction and downsampling as well as
droop compensation. The resulting digital signal is then
sent to the digital serial interface for processing by the DSP.
The receiver section also can be set in Line Receiver Only
mode (hybrid input is internally connected to common-
mode voltage) or Hybrid Receiver Only mode (line input
is internally connected to common-mode voltage) for
different applications.

Digital interface configuration

The AFE1230 uses a standard four- or five-line digital
serial interface operating in the slave mode. It can easily
communicate with DSPs specifically designed for DSL
applications or with general-purpose DSPs, such as TI’s
TMS320C5hx™ or TMS320C6x™ series or analog devices
SHARC series. Figure 1 shows a digital interface configu-
ration of the AFE1230 connected to the serial port of a
general-purpose DSP.

Figure 1. AFE1230 digital interface with
general-purpose DSP
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The AFE1230 has five digital interface lines: MCLK
(master clock), txBaud (transmit baud clock), txData
(input data), rxBaud (receive baud clock), and rxData
(output data). The AFE1230 pins—MCLK, txBaud/rxBaud
(txBaud is connected with rxBaud), txData, and rxData—
are connected to the DSP pins—RCLK (receive clock),
RFS (receive frame sync signal), Dx (transmit data), and
Dr (receive data), respectively. The 32-bit DSP is set in
multichannel mode to achieve 48-bit word serial communi-
cation required from the AFE1230. The DSP generates
clocks of RCLK and RF'S. The RCLK drives both TCLK
(transmit clock) in the DSP and MCLK in the AFE1230.
The RF'S drives both txBaud and rxBaud in the AFE1230.
The TFS (transmit frame sync signal) is open due to
multichannel-mode configuration in the DSP. Following is
a description of the five lines used for serial communica-
tion. Their timing is shown in Figure 2.

MCLK

The master clock of AFE1230, generated by the DSP, can
vary from 1.28 MHz to 40.8 MHz (37.12 MHz for E1), with
a 50/50 duty cycle required. It runs at 48 times the
txBaud rate.

txBaud

The transmit data baud clock, generated by the DSP, can
vary from 26.7 kHz to 850 kHz (517.33 kHz for T1 and
773.33 kHz for E1). One period of txBaud consists of 48
periods of MCLK. The pulse width of txBaud, tyy, should
not be smaller than one period of MCLK. The txBaud is a
frame sync signal that indicates the beginning of each
serial word transfer. When txBaud is high, the rising edge
of MCLK detects this signal; and the next rising edge of
MCLK will sample the first bit of the serial word. After the
txBaud is asserted, it is not checked again until the entire
word has been received. The falling edge of txBaud can

Figure 2. AFE1230 digital interface timing
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occur any time, ty, during the txBaud period. txBaud and
rxBaud must be the same frequency and synchronous
with MCLK; however, the phase of these two signals may
be different. For example, the DSP can generate both RF'S
and TF'S separately to interface to the AFE1230. In the
case of a phase jump (i.e., when the rxBaud or txBaud
symbol clocks move one MCLK period forward or backward,
resulting in 49 or 47 MCLK cycles per rxBaud), the
receive data will be invalid for six symbol periods while
the data settles to final value.

txData

The input digital data of AFE1230 comes from an external
DSP with 48 bits per txBaud period. The 48 bits include
two 16-bit words of DAC input data and two 8-bit control
bytes. The DAC is updated two times per symbol period,
and data is latched by AFE1230 on the rising edge of
MCLK. txData must be stable at least 2.5 ns before and
after the rising edge of MCLK (see Figure 2). The data is
coded in two’s complement with 16 bits.

rxBaud

The receive data baud clock, generated by the DSP, can
vary the same as txBaud, from 26.7 kHz to 850 kHz
(517.33 kHz for T1 and 773.33 kHz for E1). A period of
rxBaud consists of 48 periods of MCLK. The pulse width
of rxBaud, ty, should not be smaller than one period of
MCLK. The rxBaud is a frame sync signal that indicates
the beginning of each serial word transfer. When rxBaud is
high, the rising edge of MCLK detects this signal; and the
next rising edge of MCLK will sample the first bit of the
serial word. After the rxBaud is asserted, it is not checked
again until the entire word has been transmitted. The
falling edge of txBaud can occur any time, tf, during the
rxBaud period. The rxBaud and txBaud lines can be
activated independently or at the same time.
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rxData

The output digital data of AFE1230 is sent to the external
DSP as 48 bits per rxBaud period. The 48 bits include two
16-bit ADC data words and two 8-bit control data words
(reserved). The ADC is read two times per rxBaud period,
and rxData is updated by AFE1230 at the falling edge of
MCLK. The maximum delay of the rxData is 7 ns (see
Figure 2). The data is coded in two’s complement with

16 bits.

Digital loop-back

AFE1230 provides a digital loop-back function that tests
the DSP signal and the AFE digital interface. With bits 2
and 1 set as “01” in the digital input frame, the AFE1230’s
txData will connect with rxData internally to form digital
loop-back.

Figure 3. AFE1230 on-chip driving circuit for SHDSL

Data Acquisition

Analog interface circuit

Two basic application analog circuits of AFE1230 are
introduced here. The first circuit is for SHDSL as shown in
Figure 3. This circuit has an on-chip line driver capable of
providing 14.5-dBm power directly to the 135-Q line. The
other circuit is for HDSL2, shown in Figure 4 (next page).
It has an off-chip external line driver, the OPA2677, to
provide 17-dBm power to the 135-Q line. Some of the
design issues involved in these external analog circuits are
transmitter power, power spectral density, output noise,
input noise, input dynamic range, echo cancellation,

and power dissipation. These issues are important and
necessary to address here.
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Figure 4. AFE1230 off-chip driving circuit for HDSL2
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Transmitter power

To provide the power required by the specific line, it is
necessary to consider the critical factors of output voltage
swing of the AFE, maximum peak current of the on-chip
driver, turns ratio of the transformer, peak-to-average
power ratio (PAR) of the signal, and line impedance. These
factors are directly related to circuit components; for
example, the matching resistances R1 and R2 in Figure 3
and the transformer turns (device/line) ratio, n, directly
affect the voltage on the line impedance and the load cur-
rent to the driver. R1 and R2 are used to control far-end
reflection and maximize the energy exchange between the
AFE and the line. The turns ratio, n, is used to step up the
voltage required by the line; however, if n is too high, it
will create too much load for the driver and step down too
much received signal voltage.

According to the SHDSL standard, the total power and
power spectral density are measured with a load imped-
ance of 135 Q within a specific frequency range. If in
Figure 3 we assume that the total power is 14.5 dBm, the
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PAR is 3.0, and the differential peak-to-peak output voltage
from the AFE1230is 6.2 V, then n is 3.7, and R1 and R2
are each 4.99 Q. Such a design requires peak current of
158 mA, which is well within the AFE1230 on-chip driver’s
peak current capability of 230 mA.

The calculations for these values are determined by the
following equations.

Pypo = 10x10g(1000P,,),

where Pypp, is the line power in dBm and Py is the line
power in watts.

2
Py = Vims /R,

where V4 is the voltage on the line and Ry, is the imped-
ance of the line (load impedance).

VL = 2XPARX Vi
where Vpp, is the peak-to-peak voltage on the line and

PAR is the peak-to-average ratio of the power. PAR is 3.0
for SHDSL and 4.0 for HDSL2.
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n= 2VppL / Vpp

(for matching line impedance), where Vpy, is the output
peak-to-peak voltage of AFE1230.

R1=R2=135/(2n%).

If these equations are used for the higher power of
HDSLZ2, the matching resistances R1 and R2 in Figure 4
are 10.9 Q each, and the transformer turns ratio, n, is 2.5.
The external line driver must provide differential output
peak-to-peak voltage of 17.2 V and peak current of 199 mA
to deliver 17.3-dBm power to the HDSL2 line. TI's OPA2677
is suggested as the external line driver with a single +12-V
power supply. Since the AFE1230 output differential,
peak-to-peak voltage is 6.2 V, the ac gain of the external
driver should be 2.8 V/V. With a 12-V supply, the dc offset
(common-mode voltage) is 6 V. The ac gain, G, is estimated
by the equation

G=1+(2Rp/R),

where Ry is the feedback resistance on OPA2677. In
Figure 4, Rpis 499 Q and R is 453 Q.

Output noise
The AFE1230 has an on-chip, digital-interpolation, low-
pass filter and a fifth- or seventh-order SC low-pass filter
to remove the images from the digital input signal and D/A
quantization noise. However, other sampling images appear
at frequencies of multiple MCLK in the transmit output
PSD due to the internal sample and hold function of the
SC filter. The power of these images is relative to signal
power, speed, and external low-pass filter cutoff frequency.
During normal operation, the output matching resistors
and capacitor form a low-pass filter that reduces the
power of these images to well below the PSD require-
ments of the SHDSL and HDSL2 standards. However, if
the sampling rate (MCLK) is reduced while the low-pass
filter cutoff frequency remains high, the first image will, of
course, appear at a correspondingly lower frequency that
may be within the SHDSL or HDSLZ2 signal band. At some
point, lower sampling rates will produce an image, which
can violate the appropriate PSD requirements. To reduce
the power of these images, it is necessary to increase the
sampling rate or improve the external analog low-pass filter.
As an example, in Figure 3, the matching resistance and
a capacitance of 53 nF' contribute such a low-pass filter
with cutoff frequency at about 650 kHz; in addition, the
transformer acts as another first-order low-pass filter with
cutoff frequency at about 2 MHz. These filters will greatly
reduce the images. As a result, when the MCLK is 3 MHz,
the power of the first image on the 135-Q load can be
reduced below —110 dBm/Hz; and, when the sampling rate
of AFE1230 is fairly high, the power of the first image on
the 135-Q load can be limited below —120 dBm/Hz. These
filters can also reduce high-frequency noise. The test
shows that with a sampling rate of 1.25 MHz, 0.38x tx fil-
ter, and a full-scale, single-tone input with a 135-Q load
through the transformer, the circuit in Figure 3 can pro-
vide a transmit SNR of about 80 dB within the Nyquist
band. If no signal is transmitted on the 135-Q load, a
transmit noise floor measured by HP spectrum analyzer is
below —112 dBm/Hz in wide-frequency range.
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Power spectral density

The transmit PSD provided by AFE1230, of course, should
not exceed the PSD masks for all data rates; and total
power into a 135-Q line should fall within the range speci-
fied in the G.991.2 ITU standard for SHDSL. The spectral
shaping is performed by appropriate DSP processing and
by the transmit filter in AFE1230. However, the external
filter and transformer will affect the spectral shape and
are important factors in spectral shaping design.

With the circuit shown in Figure 3 and the input of a
white noise generated in DSP, a transmit PSD can be
measured. Figure 5 describes a PSD with white noise at a
MCLK sampling rate of 30 MHz. These curves show the
spectral shaping from the three user-selectable on-chip
transmit filters (0.25x%, 0.38x, or 0.5x) and external pas-
sive filters. If an appropriate FIR filter is applied to the
white noise in the DSP before it is sent to the AFE1230,
then the resulting PSD complies with the standard for the
SHDSL PSD mask.

Figure 5. AFE1230 transmit PSD with white
noise at MCLK of 30 MHz
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Transformer

The key parameters of a line transformer are its turns
ratio, primary inductance, leakage inductance, dc resist-
ance, and total harmonic distortion. These parameters
affect overall performance of the system. In practice, the
transformer acts like a bandpass filter. The high-pass cut-
off frequency is determined by the primary inductance,
and the low-pass cutoff frequency is determined by the
leakage inductance.

If the primary inductance is too high, the low-frequency
components included in the signal will create a long tail in
the impulse response of the echo path, which the equalizer
in the DSP cannot remove. However, if the primary induc-
tance is too low, it will reduce the signal bandwidth with a
subsequent loss of information. This is particularly impor-
tant in the case of low data rates. On the other hand, higher
data rates require lower leakage inductance and better
total harmonic distortion. A recommended transformer for
AFE1230 G.SHDSL applications is the Midcom 51185,
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which provides a turns ratio of 3.7, primary inductance of
2 mH, leakage inductance of 26 pH, dc resistance of 1.6 Q,
and total harmonic distortion of 80 dB.

Receiving signal and noise

Because SHDSL is a full-duplex data transmission system
with overlapping spectra, the AFE1230 receives both line
receive signal and transmit signal at the same time and in
the same bandwidth. In Figure 3, the received line signal
is reduced by a factor of 3.7 by the transformer and has a
dynamic range of about 35 dB due to different line attenu-
ation. The line signal includes delay distortion due to the
limitation of the channel bandwidth. The received transmit
signal is the transmit signal reduced through the voltage-
dividing effect of the matching resistance and the line
impedance. Since the line impedance changes with fre-
quency, the voltage divider changes with frequency. This
means that the total received signal is also a function of
the frequency.

The AFE1230 also receives noise from a number of
sources, which include thermal noise from random electron
motion, impulse noise from power spikes, echo signals from
terminal impedance mismatch, reflections from bridged
taps, and crosstalk from inductive and capacitive coupling
between two wires in the same cable. If not controlled,
this noise can cause the failure of signal detection in some
cases. To limit the noise, a band-limited low-pass filter is
necessary even though there is an on-chip anti-alias (AA)
filter included on the AFE1230.

In Figure 3, an FFT measurement of this circuit for the
AFE1230 operating at a 30-MHz sampling rate (MCLK)
shows that for a full-scale, single-tone signal through the
filter, the SNR of the digital output is about 86 dB with a

Figure 6. Echo cancellation with R network and internal receive amplifier
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PGA gain of 0 dB, and 76 dB with a PGA gain of 21 dB
within the Nyquist band.

Echo cancellation

Echo cancellation is used in full-duplex data transmission
systems to remove the transmit signal from the receiver
signal. This is typically realized partially in an analog hybrid
circuit and partially in the DSP. The hybrid circuit is
actually an electrical bridge, formed by the line impedance,
transmit matching resistance, receiver input impedance,
and hybrid input impedance. When the bridge is perfectly
balanced, the far-end reflection, near-end reflection, and
trans-hybrid reflection will be zero. However, since the
line impedance changes with frequency and line condition
as well as with limitations of the hardware, an unbalance
in this analog electrical bridge always exists.

In general, analog echo cancellation between the line
transformer and the receiver input is the first step to
remove the majority of the echo signal and reduce the
dynamic range requirements of the receive channel A/D
converter. Digital echo cancellation in the DSP is the final,
precision step to remove the rest of the echo.

Figure 3 shows a basic hybrid circuit configuration with
a resistor-only network. If line impedance is assumed to be
a constant of 135 Q, only resistors need to be inserted in
the transmit path, receiver path, and hybrid path. A resist-
ance of 10 kQ is required for each receiver input, and
20 kQ for each hybrid input. These four resistors are
connected to the virtual ground inputs of the on-chip
differential input amplifier to form a differential summing
amplifier. This is shown in Figure 6. Since the receiver and
hybrid paths have a phase difference of 180° from each
other, the input amplifier subtracts their voltages to create
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a first-order analog echo canceller. The output voltage of
the summing amplifier, Vppg, is then digitized by the A/D
converter. The analog echo cancellation can be determined
by the following equations.

Vpps = (Rp/ RV = (Rp/R3)Vyyy,

Vix = Viine + (1/2)Vi4, and
Vhy =Vixs

where Vjipe is the signal from the line and Vyy or Viy is the
transmit signal from the AFE1230. The common-mode
voltage of the receiver amplifier is half of the analog power
supply and is set internally.

Unfortunately, in practice, the line impedance is not
constant and changes with line condition and frequency.
This change can be modeled by an RC or RLC network. A
common way to match the line impedance is to insert an
RC or RLC compromise network into the hybrid path to
track the line impedance change (Figure 4). The RC
components for different loops can be determined with
line simulation models that include a line transformer
equivalent circuit. When the compromise network is
inserted in the hybrid path of the external circuit, the
resistors R3 and R5 on the hybrid path and the dc block
capacitors (0.1 nF) on both the hybrid and receive paths
will be determined by the compromise network.

Conclusion

TTI's analog front end, the AFE1230, provides an SHDSL
transceiver interface function between a DSP and the local
loop. With an appropriate external circuit, it will handle
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upstream and downstream data transmission over the
telephone line. The AFE1230’s standard 5-wire serial digital
interface supports full-duplex communication with the
serial port of a DSP. A 6-pin analog interface with simple
passive external filters, a transformer, and a hybrid circuit
insures power delivery and reception as well as echo
cancellation in the DSL application. The fundamental
external circuit design procedure, using either an on-chip
line driver for SHDSL or an off-chip driver for HDSL2, is
also described in this article. The main factors for the
design are signal PAR, line power, driver, transformer,
receiver dynamic range, PGA, and analog echo cancella-
tion. For optimum system performance with good PSD
and SNR, the transformer effect, receiver band-limited
filter, and line impedance matching need to be considered
in the external circuit design.
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DSP 1 dsp.ti.com |

Interface interface.ti.com |
Logic Tlogic.ti.com |
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' power.ti.com !

e el e el el e e -

1 - -
,microcontroller.ti.com :

Power Mgmt
Microcontrollers

Applications

Audio www.ti.com/audio!
Automotive parww.ti.com/automotive |
Broadband ‘www.ti.com/broadband ;
Digital control \www.ti.com/digitalcontrol 1
Military \www.ti.com/military '
Optical Networking  iwww.ti.com/opticalnetwork
Telephony www.ti.com/telephony |
Video & Imaging  www.ti.com/video; _
Wireless www.ti.com/wireless |

T Worldwide Technical Support

Internet
Tl Semiconductor Product Information Center Home Page

LSupportfi.com |

Tl Semiconductor KnowledgeBase Home Page
--------- 1

1

Product Information Centers

Americas
Phone +1(972) 644-5580 Fax +1(972) 927-6377
Internet/Email support.fi.com/sc/pic/americas. iim 1
Europe, Middle East, and Africa
Phone
Belgium (English) +32 (0) 27 45 54 32 Netherlands (English) +31 (0) 546 87 95 45
Finland (English)  +358 (0) 9 25173948 Russia +7 (0) 95 7850415
France +33(0)13070 1164 Spain +34 902 35 40 28
Germany +49 (0) 8161 80 33 11 Sweden (English) +46 (0) 8587 555 22
Israel (English) 1800 949 0107 United Kingdom +44 (0) 1604 66 33 99
Italy 800791137
Fax +49) (0) 8161 80 2045
Internet 1support.5i.com/sc/pic/edra:Htm
Japan
Fax
International +81-3-3344-5317 Domestic 0120-81-0036
Internet/Email
International 1'support.{7.com/sc/pic/japan.ftm !
Domestic L WWW.ij.C0.jp/pic 1
Asia
Phone
International +886-2-23786800
Domestic Toll-Free Number Toll-Free Number
Australia 1-800-999-084 New Zealand 0800-446-934
China 800-820-8682 Philippines 1-800-765-7404
Hong Kong 800-96-5941 Singapore 800-886-1028
Indonesia 001-803-8861-1006 Taiwan 0800-006800
Korea 080-551-2804 Thailand 001-800-886-0010
Malaysia 1-800-80-3973
Fax 886-2-2378-6808 Email tiasia@ti.com
Internet 1support.fi.com/sc/pic/asia.htm ti-china@ti.com
C011905

Safe Harbor Statement: This publication may contain forward-
looking statements that involve a number of risks and
uncertainties. These “forward-looking statements” are intended
to qualify for the safe harbor from liability established by the
Private Securities Litigation Reform Act of 1995. These forward-
looking statements generally can be identified by phrases such
as Tl or its management “believes,” "“expects,” “anticipates,”
“foresees,” “forecasts,” “estimates” or other words or phrases
of similar import. Similarly, such statements herein that describe
the company's products, business strategy, outlook, objectives,
plans, intentions or goals also are forward-looking statements.
All such forward-looking statements are subject to certain risks
and uncertainties that could cause actual results to differ
materially from those in forward-looking statements. Please
refer to Tl's most recent Form 10-K for more information on the
risks and uncertainties that could materially affect future results
of operations. We disclaim any intention or obligation to update
any forward-looking statements as a result of developments
occurring after the date of this publication.

Trademarks: TMS320C5x and TMS320C6x are trademarks of
Texas Instruments. All other trademarks are the property of their
respective owners.

Texas Instruments
Post Office Box 655303
Dallas, Texas 75265

Mailing Address:

© 2005 Texas Instruments Incorporated
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