PCI‘ WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau
INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(51) International Patent Classification 5 : (11) International Publication Number: WO 93/09603
HO3M 1/66 Al (43) International Publication Date: 13 May 1993 (13.05.93)
(21) International Application Number: PCT/US92/09710 | (74) Agent: FREILICH, Arthur; Freilich, Hornbaker & Rosen,

(22) International Filing Date: 6 November 1992 (06.11.92)

(30) Priority data:

07/788,847 Us

7 November 1991 (07.11.91)

(71) Applicant: PAIRGAIN TECHNOLOGIES, INC. [US/
US]; 12921 East 166th Street, Cerritos, CA 90701 (US).

(72) Inventors: SAMUELI, Henry ; 9616 Claire Ave., Nor-
thridge, CA 91324 (US). BRACKERT, Ralph, H. ; 1500
Hickory Ave. #320, Torrance, CA 90503 (US).

10960 Wilshire Blvd., Suite 1434, Los Angeles, CA
90024 (US).

(81) Designated States: AT, AU, BB, BG, BR, CA, CH, CS,
DE, DK, ES, FI, GB, HU, JP, KP, KR, LK, LU, MG,
MN, MW, NL, NO, PL, RO, RU, SD, SE, European pa-
tent (AT, BE, CH, DE, DK, ES, FR, GB, GR, IE, IT,
LU, MC, NL, SE), OAPI patent (BF, BJ, CF, CG, CI,
CM, GA, GN, ML, MR, SN, TD, TG).

Published
With international search report.

(54) Title: OVEI‘.{SAA‘MPLED DIGITAL-TO-ANALOG CONVERTER FOR MULTILEVEL DATA TRANSMISSION
SYMBOL 2
SYMBOL
DATA P REGISTER |.X1
N,
SYMEOL t'
CLOCK baud
MOD-N
221 BINARY
COUNTER PRIMITIVE
2 WAVEFORM 0
ek _ T | _ | _ _ _ GENERATOR 38
5 X y i . K
20._/") Mop-16 :31 WAVEFORM 3 !
BINARY |51 TP GENERATOR 1 SEECT IDACspin  qe—pi LOWPASS L o)
COUNTER [poT® LOGIC [43 FFo|y
| b i
N — .
Z 40 42
(REIE
| (57) Abstract

A digital-to-analog converter (DAC) is disclosed which uses an oversampled modulation technique followed by an analog
lowpass filter (38) to generate an output waveform with four precisely controlled amplitude levels for 2B1Q data transmission ap-
plications. The DAC accepts a 2-bit input word at the baud rate and generates one of four possible analog output amplitudes hav-
ing relative ratios of +3, +1, -1, and -3. Waveform generator logic (32) produces multiple primitive binary waveforms that define
different DC components in response to a binary counter (20). A select logic (34) selects one of the multiple primitive binary

waveforms in response to the data input word.
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TITLE : OVERSAMPLED DIGITAL-TO-ANALOG CONVERTER

FOR MULTILEVEL DATA TRANSMISSION

FIELD OF THE INVENTION

This invention relates generally to data transmission
systems and more particularly to a digital-to-analog
converter for use therein capable of producing a multilevel
analog waveform whose levels exhibit precise amplitude

ratios with respect to one another.
BACKGROUND OF THE INVENTION

Digital-to-analog converters (DAC's) are widely used in
data transmission systems to convert input‘data bits into an
analog waveform for transmission over a communications_
channel. In high- bit rate full-duplex telecommunication
systems, high-precision DAC's are generally required to
achieve satisfactory performance, e.g., for echo

cancellation.

"2B1Q" refers to a telecommunications format which has
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been adopted as a standard in basic rate Integrated Services
Digital Network (ISDN) systenms (e.g. See, ANSI specification
T1.601-1988) operating at 80 kbaud and in high-bit rate
Digital Subscriber Line (HDSL) systems operating at 392
kbaud. In accordance with the 2B1Q format, two data bits
are encoded into one level of a four level (quaternary)

output pulse (hence, "2B1Q").

In order to achieve satisfactory performance in such
systems, it is imperative that the four levels of the output
pulse bear precise amplitude ratios relative to one another;

e-go, +3, +l, -1, -3.

The present invention is directed to digital-to-analog
converters for responding to multibit data input words to
produce ‘analog output waveforms comprised of multiple levels

having precisely related amplitudes.

Pulse width modulation techniques have been used in the
prior art to implement digital to analog conversion,
primarily for low precision audio applications. For
example, Patent 3,506,848 describes a circuit which

integrates a pulse at a fixed rate over an interval
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proportional to the desired analog output level. The pulse
train is then filtered to provide the final analog output.
Patent 4,233,591 describes a technique whereby a single
integration interval is divided into multiple elementary
periods. The time constant of the integrator is then sped
up to enhance the response speed of the analog output.
Patent 4,532,496 proposes another improvement in digital
waveform generation, interspersing digital "staircase"

outputs to a smoothing circuit.
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SUMMARY OF THE INVENTION
The present invention is directed to an oversampling
digital-to-analog converter ( DAC) for responding to
successive multibit data words, to produce an output
waveform comprised of multiple (L) analog levels whose

amplitudes bear a precise relationship to one another.

A converter in accordance with the invention
incorporates (1) waveform generator logic for producing L
different primitive binary waveforms, each having a
different DC component, and (2) select logic responsive to
each multibit data word for selecting one of said primitive
waveforms. The selected primitive waveform is then low
pass filtered to derive one of L analog (i.e., DC voltage)
ljevels from the DC component of the selected primitive
waveform. If the data word bits are repres‘ented by X450« X

L typically equals 2".

In a preferred embodiment, the DAC responds to a two
bit (X,,X,) data word to produce an analog waveform comprised
of four levels A,, A,, A;, &,. The aforecited ANSI 2BlQ
specification refers to these four levels as +3, +1, -1, -3,

which should be understood as symbol names, indicative of
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relative amplitude only and not absolute numeric values.
For convenience and clarity, this nomenclature will be

adopted herein.

In accordance with a significant feature of the
invention, in order to achieve a high degree of output
linearity, i.e. precisely related analog amplitudes, the L
(i.e., 4 in the preferred 2B1Q embodiment) primitive binary
waveforms are chosen so as to have in common the following
properties:

a. symmetry about their midpoints;

b. the same number of rising and falling edges; and

c. start and end in the same binary state.

In a basic embodiment of the invention, the primitive
binary waveforms are produced by waveform generator logic
responsive to a cyclic binary counter driven at a master
clock rate f,,. During each cycle, the counter defines S
counts (e.g., S=16). The DC component of each primitive
binary waveform is defined by its duty cycle, that is the
relative number of counts during each cycle that it is in

the binary "1" and "O" states.
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Preferably, the master clock rate fclk=S*N*fbaud where
f . represents the frequency at which two bit data words
are delivered to the DAC for processing. A transmit symbol
period (1/f,,,) is divided into N subintervals. During each
transmit symbol period, the L primitive waveforms are
concurrently generated N times with one primitive waveform
being selected by the select logic for processing by a low
pass filter to produce an analog output level.

Although single-ended embodiments ' of the invention
perform satisfactorily, enhanced linearity is achieved when
the primitive waveforms are used in a differential manner to
generate the multilevel analog output. In such a
differential implementation, auring each transmit symbol
period, complementary primiti?e waveforms are selected and
then low péss filtered and amplified to produce the final
analog output. More specifically, during each transmit
symbol period, the selected pair of primitive waveforms is
repeated N times to create a differential pulse width
modulated output. The differential pulse width modulated
output is then lowpass filtered and differentially amplified
to produce the final analog output waveform having precisely

matched amplitude levels with ratios of +3, +1, -1, and -3.
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This precise matching is primarily attributable to the
aforementioned properties (a), (b), (c). The implication of
property (a) is that the four primitive waveforms will have
an identical group delay thus avoiding linearity
degradation. The implication of property (b) is that the
ratios of the average DC levels of the four primitive
waveforms is insensitive to the rise and fall times of the
digital logic thereby further enhancing the linearity of the
analog output waveform. The implication of property (c) is
that no transients will occur on any symbol transitions and
therefore no linearity degradation will result. (Glitches
during symbol transitions frequently degrade linearity in
conventional DAC's). Further, by differentially processing
the two selected primitive waveforms, perfect linearity is
guaranteed between the +3 and -3 waveforms and also between
the +1 and -1 waveforms. As a result, overall circuit
performance is highly immune to component inaccuracies and
very high performance is achieved with low-cost easilyr

producible hardware.
Embodiments of the invention find particular utility

where a very high degree of linearity is required. Although

only two bits of information are converted during each
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symbol period, the ratios of the amplitudes of the resulting
four level waveforms is accurate to within 1 part in 4,000
which corresponds to the accuracy of a 12-bit DAC. The
linearity is determined entirely by the digital circuitry
and the cutoff frequency of the analog low pass filter. As
a result, the same linearity can be achieved at virtually
any data rate by simply scaling the master clock frequency

and changing the cut-off frequency of the filter.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram depicting a typical data
transmission system in which a digital-to-analog converter

in accordance with the invention can be advantageously used:;

Figure 2 is a waveform diagram depicting the known 2B1Q

format;

Figure 3 is a block diagram of a basic single-ended DAC

in accordance with the present invention;
Figure 4 is a diagram depicting the four primitive
binary waveforms produced by the generator logic of Figure

3;

Figure 5 is a block diagram of preferred differential

DAC in accordance with the present invention;

Figure 6 is a logic diagram depicting the waveform

generator logic of Figure 5; and
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Figure 7 is a diagram depicting how complementary

primitive waveforms are combined to generate differential

digital waveforms; and

5 Figure 8 is a circuit diagram of a low pass filter

suitable for use in Figure 5.
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DETAILED DESCRIPTION OF THE DISCLOSURE

Attention is initially called to Figures 1 and 2 which
have been extracted from the aforecited ANSI specification
T1.601-1988 to show an exemplary application of a digital to
analog converter in accordance with the present invention.
A 2B1lQ transmission system in accordance with the ANSI
specification uses the echo canceler with hybrid (ECH)
principle depicted in Figure 1 to provide full duplex
operation over a two wire subscriber 1loop. In such a
configuration, the echo canceler (EC) produces a replica of
the echo of the near end transmission, which is then

subtracted from the total received signal.

The line code specified is 2B1Q which requires that two
input bits be converted to a four level output. More
specifically, each successive pair of bits in the binary
data stream is converted to a quaternary symbol (four level)
to be output from the transmitter at the interface, as

specified below:

First Bit Second BRit Quaternary Symbol
(Sign) {(Magnitude) (Quat)
1 0 +3
1 1 +1
0 1 -1
0 0 -3
11

SUBSTITUTE SHEET



WO 93/09603

10

15

20

PCT/US92/09710

The four values listed under "Quaternary Symbol" in the

table should be understood as symbol names, indicative of

relative amplitude only, and not absolute numeric values.

Figure 2 is an example of 2BlQ pulses over time.
Square pulses are used only for convenience of illustration
and do not in any way represent the specified shape of real
2B1Q pulses. Quat jdentifications and bit representations
are given beneath the waveform of Figure 2. Time flows from

left to right.

Attention is now directed to Figure 3 which comprises
a block diagram_of a basic single ended digital-to-analog
converter (DAC) in accordance wifh.the present invention.
The DAC of Figure 3 includes a cyclic binary counter 20
which is depicted as a four stage modulo 16 counter. The
four outputs of counter 20 are respectively identified as
b0,bl,b2, and b3 from least to most significant bits. The
counter 20 is driven by a master clock signal at frequency
f,,- For purposes of the preferred embodiments disclosed
herein, f_, = 16*N*f_, where foq represents the rate at

which data input words are processed by the systen.

The signal £, /16 is applied to a divide by N binary

12

SUBSTITUTE SHEET



WO 93/09603 PCT/US92/09710

10

15

20

25

30

counter 22 to produce a signal of frequency £, which
functions as the symbol clock to gate symbol data input
words into the symbol register 24. In the preferred
embodiments disclosed herein, each data input word is
assumed to be comprised of two bits, i.e. X, X,.

The converter of Figure 3 includes a primitive waveform
generator 30 comprised of waveform generator logic 32 and
select logic 34. The waveform generator 1logic 32 is
responsive to the four output lines, b0,bl,b2,b3 of the
binary counter 20 to produce different primitive binary
waveforms, respectively identified as -3,-1,+1, and +3 on
its four output lines. The waveform generator logic 32 is
implemented in accordance with the following Boolean
equations to produce the primitive binary

waveforms depicted in Fiqure 4:

-3 = b3.b2.b1.b0 + b3.b2.bl.b0
-1 = b3.b2.b0 + b3.b2.bl + b3.b2.bl + b3.bz.b0
+1 = b3.b2 + b3.b2 +b3.bl.b0 + b3.bl.b0

= b3 + b2 + b3.bl.b0 + b3.bl.b0

+3 = b0.b1l.b2.b3 + b0.bl.b2.b3

13
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Note that Figure 4 illustrates one cycle, comprised of
sixteen clock periods (T=1/f,,) of binary counter 20. Note
that each of the four primitive binary waveforms is
symmetric about the mid-point of the sixteen clock period
cycle and consists of three parts; i.e., a binary "o" logic-
level internal followed by at binary "1" high logic-level
interval and ending with a low logic-level interval. It is
also pointed out that each of the primitive waveforms has
the same number of rising and falling edges, i.e. one rising
edge and one falling edge per cycle. Also note, that each
of the primitive waveforms starts and ends in the same
binary state, i.e., at binary "o" (low). The four primitive
waveforms differ from one another in the number of clock

periods in which the waveform is at binar& win (high), as

follows:
+3 14T
+1 10T
-1 6T
-3 2T

As implemented, of course, the binary "0" and nyn

states are represented by different voltage levels and thus

14
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a different DC component is associated with each primitive
binary waveform . In accordance with a preferred embodiment
of the invention, to satisfy the 2B1Q standard as expressed
in the aforecited specification, the DC component of the
four primitive waveforms bear a relationship relative to one

another of +3,+1,-1, -3.

The select logic 34 is responsive to the data input
word X,,X, to select a particular one of the four primitive
binary waveforms. The state of the selected primitive
waveform is output by the select logic 34 as DAC+ and stored
during each clock interval in flip flop 36. The output of
flip flop 36 is applied to a low pass filter 38 which
converts the DC component of the selected primitive waveform
to an analog output level. Line driver 40 responds to the
output of filter 38 to apply to transmission line 42 an

output analogous to that depicted in Figure 2.

Attention is now directed to Figure 5 which illustrates
a preferred embodiment of the invention, similar to the
single-ended DAC embodiment of Figure 3, but differing
therefrom in that a pair of primitive binary waveforms are

differentially used to produce the analog output level.

15
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Note in Figure 5 that the primitive waveform generator 50 is
depicted as providing output signals DAC+ on terminal 52 and
DAC- on terminal 54. Figure 6 illustrates a block diagram
of a preferred implementation of the primitive waveform
generator 50. Note that the waveform generator of Figure 6
responds to inputs b0,bl,b2,b3 from the mod-16 binary
counter 60. logic 64 is configured to implement the
aforementioned Boolean equations to produce the +3,+1,-1,
and -3 primitive binary waveforms depicted in Figure 4.
These waveforms are represented in Figure 6 as being applied
to select logic 66 comprised of first and second 4:1
multiplexors 68 and 70. The multiplexors 68 and 70 are
responsive to the applied data input word X, X, to couple
the selected primitive waveforms to flip flops 74 and 76
which are clocked at the master clock rate Loixe The outputs
of flip flops 74 and 76 are applied to the aforementioned

terminals 52 and 54 as the signals DAC+ and DAC-.

Figure 7 depicts how the primitive waveforms are
differentially combined to produce the analog output levels
+3,+1,-1,-3. In Figure 72, a +3 primitive waveform is
repeated N times during a single transmit symbol period and

delivered to the DAC+ terminal 52, along with the =3

16

SUBSTITUTE SHEET



WO 93/09603 PCT/US92/09710

10

15

20

primitive waveform which is delivered to the DAC- terminal
54. Similarly, the +1 analog output level is produced as
shown in Figure 7B by differentially combining over N cycles
the +1 primitive which is delivered to the DAC+ terminal 52
and the -1 primitive delivered to the DAC- terminal 54. The
-1 analog output level depicted in Figure 7C is produced by
differentially combining the -1 primitive waveform applied
to the DAC+ terminal 52 with the +1 primitive waveform
applied to the DAC- terminal 54. Figure 7D shows the -3
primitive waveform applied to the DAC+ terminal being
combined with the +3 primitive waveform applied to the DAC-

terminal to produce the -3 analog output level.

Note in Figure 7A-7D, that in all ' cases the
differential output is formed by selecting complimentary

primitive waveforms.

The waveform generator output terminals 52, 54 are
applied to low pass filter 80 and then to line driver 82 as
depicted in Figure 5. Figure 8 illustrates an exemplary
analog low pass filter circuit 80 which responds to the DAC+
and DAC- signals to produce the inputs to line drivers 82A

and 82B. The outputs from line drivers 82A and 82B are then

17
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coupled via transformer 84 to transmission line 86.

In order to perform satisfactorily in the 2BlQ
environment represented in Figures 1 and 2, it is very
important that the nultilevel analog waveforms produced by
the line drivers have levels whose aﬁplitudes are related by
precise ratios, i.e., +3,+1,-1,-3. As an example, using an
oversampling factor of 96 and a low order analog low pass
filter with a 3dB cutoff frequency f. at half the baud rate,
the amplitude ratios of a four level analog output produced
by the embodiment of Figure 5, are matched to better than
0.03 percent accuracy, which corresponds to an effective
linearity of better than 70dB. Linearity is defined as the
worst case difference between the normalized amplitudes of
the four analog output levels at the output of the lowpass
filter. This can be analytically determined by integrating
the differences in the frequency spectrums of the filtered

output pulse waveforms.

When the four primitive waveforms of Figure 4 are
repeated N times as represented in Figure 7, the resulting

frequency spectrums are given by

X;(f) = {[2sin{(i+4)2T(T] - sin(16WCT)]sin(16NITFT)) / [16NAT{Tsin(1671T)]

j=3.1,41,+43 (1)

18
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Equation (1) ignores the phase term which is identical for
all four waveforms and thus is not relevant for the

linearity calculation.

For simplicity if the output lowpass filter is assumed
to be a brickwall filter with a cut-off frequency equal to
f. then the resulting linearity of the differential output

DAC of Figure 5 is given by

3
L= 20108_1012_fllxu(0| - 1X40] 131X 4501 + 1/3]1X50 1) df )
0

The following table shows the achievablé linearity of the
DAC of Figure 5 as a function of oversampling factor. The
calculations were made assuming a lowpass filter cut-off
frequency f_ equal to half the baud rate. As shown in the
table, for an oversampling factor of 96 (which corresponds
to N=6), a linearity of 74 dB is achieved which is
equivalent to 12-bits of resolution. The linearity results
listed do not change appreciably when a low-order (3rd-5th

order) lowpass filter is used, as long as the 3dB cut-off

19
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frequency remains fixed at half the baud rate.

NUMERICAL RESULTS

ASSUME £, = fi,.

2
LINEARITY (dB)
N  OVERSAMPLING FACTOR SINGLE DIFFERENTIAL
ENDED
2 32 21 54
4 64 33 66
6 96 w0 74
8 128 45 L
10 160 49 82
12 . 192 52 85
14 224 55 88
16 256 58 91

«

From the foregoing, it should now be recognized that a
method and apparatus has been disclosed herein for producing
a multilevel analog output whose levels exhibit a high
degree of linearity while requiring only relatively simple

digital logic combined with a simple analog filter. The

20
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disclosed DAC embodiments are especially suitable for
generating 2B1Q waveforms at any baud rate including the
basic ISDN baud rate of 80 kbaud and the high bit rate
digital subscriber line rate of 392 kbaud . Implementation
of the disclosed embodiments yields very high linearity
attributable in large part to the characteristics of the
selected primitive binary waveforms. For example, as long
as all primitive waveforms have the same number of rising
and falling edges, linearity is independent of the actual
rise and fall times of the digital logic. Additionally,
linearity is independent of the absolute values of the high
and low voltage levels of the digital logic, as well as
being independent of the propagation delays thereﬁhrough.
Likewise, linearity is insensitive to the values of the
components' in the analog 1lowpass filter. In the
differential version of Figure 5, linearity is also
insensitive to unmatched propagation delays in the two
differential output signal paths and is also independent of
gain imbalances in the two differential signal paths as well

as offset voltages in the differential amplifier.

Although the embodiments depicted herein have been

particularly directed to 2B1Q applications in which two

21
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input bits produce a four level (quaternary) analog output,
the teachings of the invention are easily extendable. For
example, an eight level output waveform can be readily
produced by generating a set of eight primitive binary

waveforms having substantially the same characteristics as

depicted in Figure 4.

22
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CLAIMS

1. Digital to analog converter apparatus responsive to a
multibit data input word for producing a multilevel analog
output, said apparatus comprising: .

cyclic binary counter means for counting at a clock
frequency £,/

generator logic means responsive to said counter means
for producing during each counter means cycle multiple
primitive binary waveforms, each such waveform defining a
different DC component;

select logic means responsive to said data input word
for selecting one of said multiple primitive binary
waveforms; and

low pass filter means for producing an analog output
level related to the DC component of said selected binary

waveform.
2. The apparatus of Claim 1 wherein each of said primitive
binary waveforms is symmetric with respect to the midpoint

of said counter means cycle.

3. The apparatus of Claim 1 wherein all of said primitive

23
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binary waveforms have the same number of rising and falling

edges.

4. The apparatus of Claim 1 wherein all of said primitive

binary waveforms start and end each cycle in the same binary

state.

5. The apparatus of Claim 1 wherein said counter means
defines S counts during each cycle; and wherein

said DC component of each primitive binary waveform is
determined by the number of counts during each cycle that
the waveform defines a binary "O" state as compared to a

binary "1" state.

24
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6. Apparatus capable of producing L different analog
output 1levels, each representative of a differently
configured m bit data input word where L=2", said apparatus
comprising:

primitive waveform generator means for concurrently
generating L different primitive binary waveforms, each such
waveform having a different DC component;

select logic means responsive to each of a sequence of
m bit data input words for selecting at least one of said
primitive binary waveforms; and

output means responsive to said selected primitive
binary waveforms for producing an analog output 1level

related to the DC component thereof.

7. The apparatus of Claim 6 wherein said generator means
repetitively generates each of said primitive binary
waveforms over at least N cycles.

8. The apparatus of Claim 7 wherein each of said primitive
binary waveforms is symmetric with respect to the midpoint

of each of said cycles.

9. The apparatus of Claim 7 wherein all of said primitive

25
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binary waveforms have the same number of rising and falling

edges during each cycle.

10. The apparatus of Claim 7 wherein all of said primitive

binary waveforms start and end each cycle in the same binary

state.

11. The apparatus of Claim 6 including means for applying
data input words to said select logic means at a rate s S

cyclic binary counter means for counting at a clock
frequency £ =S.N.f,4 where S represents the number of
counts per counf.er cycle and N represents the number of
cycles during a period in which a single data input word is

to be transmitted.

12. The apparatus of Claim 11 wherein m=2, I=4 and S=16.
13. The apparatus of Claim 12 wherein said L different
primitive binary waveforms have DC components bearing the

following amplitude ratios relative to one another: +3, +1,

-1, -3.

14. The apparatus of Claim 6 wherein said select logic

26

SUBSTITUTE SHEET



WO 93/09603 PCT/US92/09710

means in response to each data input word selects two of
said primitive binary waveforms; and
means for differentially applying said two selected

waveforms to said output means.

5
15. The apparatus of Claim 6 wherein said output means
includes low pass filter means.
10
15
20
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16. A method of producing L different analog output levels,

each representative of a differently configured m bit data

input word where I=2", said method comprising:
concurrently generating L different primitive binary

5 waveforms, each such waveform having a different DC

component;

selecting at least one of said primitive binary
waveforms in response to each data input word; and

producing an analog output level related to the DC

10 component of the selected primitive binary waveform.

15

20
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