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A Differential 160-MHz Self-Terminating Adaptive CMOS Line Driver

Rajeevan Mahadevan and David A. Johns

Abstract—A wide-band differential line driver is presented Transmit Transmit Line
for transformer-coupled cables integrated in standard 0.35xm DAC [ Plpriver [T«
CMOS. It achieves 160-MHz bandwidth and no loss in imple- y
menting the cable termination. While operating from a 3.3-V .
supply, the driver dissipates 155 mW and exhibits a—47.5-dB CEch‘: Hybrid EHE: <>
THD for a 2-V ,,, signal across a 792 load. Automatically tuned anceler
Fermination an(_:i a voltage ga_in independent _of process and load Receive | Equalization | - . R
impedance variation are provided by the architecture. «— + Receive

Clock Recovery ADC
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nation. Clk
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Fig. 1. The main blocks of a transceiver.
|. INTRODUCTION

gvlze:?EcclnixiGaTiﬁg 'tr\‘:/ ?;te:;_'natirragzmgtsmguzgtz'iﬁgﬁdac\j/:?f a twisted-pair it is roughly 100 ohms. For a fully integrated
. -pait ransceiver, the line driver must be designed using CMOS tech-
ability and low-cost. The proliferation of computer networks

for example, has placed increased demands for higher sp%Thoﬁl gy- While the supply voltage for modem deep-submicron

and more efficient use of existing cable infrastructure. To meé OS processes has continued to shrink, the output voltage

o (ﬂ%” | swing has remained the same or increased due to the
these demands transmission schemes have been develope i . . ) .
ultilevel modulation schemes used to achieve higher bit rate.

require sophisticated transceiver circuits. These demands hf—“cl)(ra example, typically 2-V peak-to-peak output from a 3.3 or

c_reate_d challenges and obstacles for the cireut designer, ePE v supply is required. In order to generate this signal across
cially in the case of the analog front-end circuits such as i Q, large currents are required from the driver. The full-du-

drivers and analog-to-digital converters. This paper focuses gn o
. . : - ex nature of the system also means that echo cancellation is
the line driver design and presents a circuit that addresses some : .
S : : n-integral part of the transceiver. Fully digital echo cancel-
of these challenges. The circuit is a differential current-mode,. : . ) o
ation techniques require a linear echo path and this imposes

line driver suitable for transformer-coupled channels with ng linearity constraint on the line driver. This linearity must be

loss in termlnatlon, gutomatlcally tuned output |mpeda_1nce an(gghleved in the presence of the received far-end signal. Hence,
voltage gain that is independent of process and load impedance | ... . o .

o o : . . “In"addition to generating the transmit signal, the driver must
variations. The target application for this particular design E

the full-duplex transmission of up to 622 Mb/s over 300 m ave headroo.m for the far-end.S|gna| which can.be as large as
e transmit signal. Cable termination, characterized by the re-

fﬁ:ﬁ?gfgtﬁi;s:lgoabrglg“lel;/ee(; ?)?Sgleaitlnogtﬁg?\?vri?eed gggegjlrjr_n loss, is also important due to the bidirectional transmission.
P P X poorly terminated line produces reflections which appear as

munication applications. ;
pp echo and hence complicate the echo removal process. Best re-

In Section IlI, the basic requirements of a line driver in a . : . .
L . . . . Turnloss performance is provided by a tunable line driver output
full-duplex application are outlined. In Section Ill, a line driver

S : : . Impedance that automatically tracks the cable to cable charac-
circuit that meets these requirements is presented. In Section " o ) o o
. . . teristic impedance variation. For twisted-pair this variation can
experimental results are given and conclusions are drawn.

be as high a£15% while for coaxial it is typically:2%. This

cable variation combined with the process variation can cause

the transmit voltage to vary significantly for a current-mode
Fig. 1 shows the block diagram of a generic full-duplex trangutput stage. Itis, however, desirable to have a constant voltage

ceiver. A line driver is a key component of this architecturgain over process and cable impedance variation. This is impor-

since it provides the necessary power gain to transmit the mdant so as not to overwhelm the near-end receiver and to meet

ulated signal over the low characteristic impedance of a cabllee transmit templates of standards.

For coax this impedance is typically %, while in the case  The design of an efficient driver that satisfies all these

constraints is a challenging one in modern low supply voltage

. . . . _ CMOS processes. In traditional architectures, there is a 6-dB
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\ Since the voltage gain is unity, the differential input voltage to

o— + L1 thed,,,2-cell is nominally zero and it produces no output signal
Vi v, }“ current in realizing the termination. As a result, termination has
been achieved without incurring any loss and a tunable output

=" = impedance is obtained.
Gain Tuning In terms of t.he circuit realization, the 'tran'sconductor wit.hout
G2 can be implemented as shown in Fig. 3(c). The input
T voltage is copied acrosg; using an opamp. The resulting

current is amplified by the current amplification factdf, and
produced at the outpufy and hence the transconductance of
the circuit is tuned by varyind?,; which can be a transistor
operating in triode. IfN is chosen to be large (around 40),
then the power consumption of the supporting circuitry can
be minimized and most of the power will be consumed at the
output consisting of M2 and the load. The addition(gf,, is
equivalent to placingk?, as shown in Fig. 3(d). In the ideal
case, the output impedance is given by

Fig. 2. Proposed line driver topology block diagram.

Ry
N+1

Zout = (4)

In the design proces#(; and R, are chosen to be

Rl = NnomRLnom RQ = (Nnom + 1)RLn0m (5)

where Nyom and Ry o are the nominal values @f and Ry,
respectively. A tuning circuit is then used to forkg = V; by
changingV to account for the variation iR, andRy,. Although
this tuning accounts only for the variation #, and Ry, the
lll. CIRCUIT ARCHITECTURE output impedance will also be set correctly to egial since

Fig. 2 shows the block diagram of the proposed line drivéiie variation in, tracks that ofR; due to the good matching
topology. This topology uses an adaptable current-mode outgifion-chip resistors.
stage along with a gain tuning circuit to meet the requirementsThe approach as presented in Fig. 3 is unsuited for use in
outlined in Section Il. An external parallel termination resistonany high-speed wired data communication applications. It is
is not used as the output stage provides self-termination watgingle-ended circuit that requires a dc-coupled load. In this cir-
no Signa| loss in the termination. The gain tuning circuit erCUit, the key requirement for no loss in the termination is that the
sures the voltage gain is unity independent of process and caléle voltages acrods; are identical. Since the input voltage is
impedance variation. It also ensures the output impedance is&ied across resistdt; to generate a current and this current
correctly to equal the cable impedance for optimum return lossmirrored to the output, the output voltage can only equal the
performance. input voltage as long as the load impedance seen by the circuitis

The current-mode output stage builds upon an approach pso resistive (no frequency dependence). However, many wired
posed in [1] for driving low resistive loads. This is shown conchannels are ac-coupled using a transformer to avoid ground
ceptually in Fig. 3. In Fig. 3(a), an ideal transconductance cePops and reject common-mode signals. For a transformer-cou-
G .1, is used to drive a resistive load to obtain a voltage gamw load, the dc and ac impedances are not identical and hence

Fig. 3. Circuit for driving low resistive loads.

and output impedance given by the circuit approach can not be used directly. In addition, the
driver topology must be differential to obtain the best dynamic
14 = RiGi  Zoui = 00. (1) range and noise immunity. Modern transceivers have a small
Vi analog front-end along with a large digital back-end with the po-
If a second transconductance céll,.», configured as an active tential for_larg_e logic sections to switch simult_ane_ogsly_. This can
resistor is placed as shown in Fig. 3(b), then lead to significant substrate and supply noise injection which
must be rejected by the sensitive analog blocks. Hence these
Vo _ (G + Gm2)Re g o1 @ blocks must be differential. Distortion performance is also im-
Vi 14 GneRp T G proved since even-order harmonics are eliminated in a differen-
tial circuit.

If G,,1 andG,,,» are tunable and are set@,,1 = G0 =

1/Ry, then The presented approach can be modified for use in a trans-

former-coupled environment. In Fig. 4, two single-ended half-
v, circuits are used to drive the cable differentially through a trans-
v =1 Zow =Ry @) former. To enable the half-circuits to function properly, resistor
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Fig. 5. Complete differential line driver.

Reyy is connected at the primary side center tap. For a trargpplications where there is significant low frequency content,
former, the dc and common-mode input signals of the primaaycommon-mode detection circuit can be used or the center
side see the impedance connected to the center tap while thetdify voltage can be sampled. However, the disadvantage of
ferential primary input signals see the impedance transformesing the center tap voltage as the common-mode is that any
from the secondary side. By choosing an appropriage,;, resistive voltage drops in the transformer and the package are
both these impedances can be made identical allowing eaxt compensated for. Gain tuning, by varying is achieved
half-circuit to see the same dc and ac impedance. Howeveysing triode transistors Msl, Ms2, and Ms3, whose gate
fixed R¢ps cannot be used since the exact valugigfis un- voltage is set by a 5-bit digital-to-analog converter (DAC). The
known ahead of time. Instead a variable resistor along withrequired tuning range is determined by the variationfin
common-mode tuning loop is used. The output common-modeer the process corners and by the expected cable to cable
is determined and forced equal to a reference common-modearacteristic impedance variation. For the coaxial application
Vemret, DY Varying Rep . If the input to the driver also has itsand the CMOS process being used, a tuning range3§%
common-mode equal t6.,,,.;, the dc voltages acrods, will is required. This wide tuning range necessitates the use of
be identical. Once this is established,can be tuned to set thethree triode transistors. Ms2 and Ms3 are successively added
output differential voltage equal to the input differential voltagen parallel to Ms1 to extend the range. This is handled by the
ensuring no signal loss acrofs. additional circuitry associated with these transistors. Overlap
The complete driver schematic is shown in Fig. 5. Thieetween the tuning ranges is ensured to avoid misconvergence
variable resistor at the center tap is implemented by Mda, the tuning algorithm. In this circuit, all opamps use the
a transistor operating in triode. Tuning of this resistor isurrent-mirror topology and the DAC uses a thermometer code
performed by the opamp and tuning capacitgr Instead of topology [5].
using a common-mode detection circuit, the opamp directly A gain tuning circuit is required to séf, = V; for this line
samples the output node because a passband modulatidver to function properly. A simple gain-forcing approach can
scheme is being used where the input differential signal to thet be used to force the output voltage to equal the input since in
line driver has negligible frequency content below 1 MHz. Atull-duplex application, the output node voltage has the far-end
long as the loop bandwidth is well below the signal frequengignal superimposed on it. Instead, a correlation-based approach
(1 MHz), the common-mode tuning loop functions properly. lasingsgn-sgneast-mean-square (SS-LMS) algorithm is used.
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Fig. 6. SS-LMS gain tuning circuit.

SS-LMS is used instead of the other LMS variants due to its
robustness to dc offsets and because it is inherently suited for a
mostly digital implementation as shown in Fig. 6. The required
control voltage is given by

V. :”/o sgrVi(r) — Vo(7)) sgn(V;(7)) dr  (6)

where . is the adaptation constant. In the circuit, the differ-
encing andsgnoperation are performed by clocked compara-
tors. Thesgnmultiplication is performed by theor gate while
the integration is performed by the 7-bit up/down counter and
the 5-bit DAC. It can be shown that the adaptation constant is
proportional to the clock frequency [6]. Hence, by changing
the clock frequency, the convergence time as well as the excess
mean-squared error after convergence can be controlled. Also,
due to the use of the digital counter, adaptation does not have
to be continuous. The counter can be frozen and updated peig-7. Chip photomicrograph.

odically to account for slight variations over long time periods.

The transfer function of the line driver is bandpass in natu 2 J ; H
due to the transformer zero at low frequency and the mag ol ' ‘ :
tude roll-off at high frequency. Since the output and input si¢_ _4
nals have different high and low frequency content, comparis® -g
should be made at mid-frequencies, above the lower cornert -8
quency of the line driver. The bandpass filters shown accor -10 ;
plish this frequency-limiting function. The center frequency an  ~'% 50 100 150 200 250
quality factor of the filters do not have to be very accurate sin Frequency (MHz)

all that is required is to limit the spectrum to mid-frequencie?:., 8. Line driver f 160 MH
This further simplifies the design of these circuits. A simple pas™¥ & -'"¢ @rverfrequency responsfzan = 160 MHz.
sive network can even be used if it is designed so as not to Iotﬁ
the line driver.

g\n their nominal value. However, the gain tuning loop was able
to successfully compensate for this variation as it was designed
to handle+30% variation.

The power consumption of the driver is 155 mW. The sup-
The circuit of Fig. 5 along with the 5-bit gain tuning DACporting circuitry including the opamps and the DAC consume
were integrated in a standard 0.8B single-poly triple-metal 14 mW. The remainder is dissipated at the output branches con-
CMOS process. A discrete implementation of the remainirgisting of M2 and the load. Due to the class-A nature of the
blocks of the gain tuning circuit (Fig. 6) was used to characterizieiver, the output quiescent current must at least be equal to the
the line driver. The bandpass filters were implemented usingaak signal current. The presence of the far-end signal at the
passiveRC network. A sampling oscilloscope and some logioutput further increases the required quiescent current and this
were used to construct the rest of the digital circuitry and contrdictates the power consumption of the driver. The measured fre-
the on-chip DAC. The chip photomicrograph is shown in Fig. fuency response of the driver is depicted in Fig. 8. When driving

The active area of the driver including the DAC is 0.21 fam a 7542 load through the transformer, the driver$8-dB band-

All measurements described below have been taken after thidth extends to 160 MHz. The achievable bandwidth is lim-
convergence of the gain tuning loop and using a surface-moited by the need to maintain a good phase margin for the opamp
signal transformer like those used in Fast and Gigabit Etherneased feedback loop while driving the large capacitive load pre-
For this particular process batcR; and R, were 22% higher sented by the output transistors. In addition, the limited band-

IV. EXPERIMENTAL RESULTS
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width provided by many surface-mount signal transformers fur-
ther reduces the overall frequency response of the driver.
Some sinusoidal large signal waveforms when driving a
2-Vp, signal across 7% load is shown in Fig. 9. Since the
driver requires a 7% load and all the test equipment are §0-
systems, a 75-to-5Q converter was used. It had about 7.5 dB
of attenuation, and thus the shown wave-forms are all about
7.5 dB larger at the output of the driver. The output’s harmonic
contents for a 2-), 10 and 30-MHz sinusoid are shown in Fig.
10. The main factors influencing the achievable total harmonic
distortion of this circuit are the gain of the opamp and the peak
signal current to quiescent current ratio in the output transistors,
M1 and M2. Increasing the quiescent current in these transistors
improves distortion performance at the expense of increased ()
power dissipation. In pseudo-differential circuits, mismatches
. Fig. 11. Output eye pattern. (a) 62.5-MHz pn-sequence. (b) 100-MHz
between the two halves leads to increased even-order harm%ligequence'
components. In Fig. 10, the even-order components are around
—60 dB from the fundamental and this indicates good matchinc ¢
between the two halves. The wideband signal response whe
driving a 62.5 and 100-MHz pn-sequence is shown in Fig. 11.
The output impedance was measured with a network ane3 -20
lyzer. Fig. 12 illustrates the return loss of the driver including
the signal transformer. Due to the on-chip adaptable termine P I
tion, the return loss approache80 dB at low frequencies and ~ -40—— R
degrades at higher frequencies mainly due to the parasitics 10 F,equrell%y (MHz)
the transformer. A plot of the gain deviation is shown in Fig. 13.
Gain deviation measures the deviation of the voltage gain of thg. 12. Return loss performance including transformer.

-10r
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Fig. 13. Gain deviation: dBV;/V; — 1).

TABLE |
PERFORMANCE SUMMARY
Parameter Value
Supply Voltage (Vdd) 33V
Output Voltage, 75Q 2Vp,
-3dB Bandwidth 160MHz
THD 1.6V, 10MHz, 75Q -50.8dB
1.6V, 30MHz, 75Q -46.0dB
2V 10MHz, 75Q | 47-5dB
2V 30MHz, 5@ | 42008
Return Loss -27.6dB@10MHz
-10dB@80MHz
Power Dissipation 155mW
Noise (0.2-100MHz) 62UV s
Dynamic Range 81dB
Supply Rejection 33dB@1MHz
Active Area 0.210mm?
Technology 0.35um CMOS, 3AL, 1PS

driver from unity in decibels. The presence of the gain tuning (g,
loop ensures the voltage gain is very close to unity at low fre-
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guencies regardless of process and cable impedance variation.
The gain deviates from unity at higher frequencies due to the
magnitude roll-off and phase shift of the circuit. This figure in-
dicates that a simple difference between the input and output
of the line driver can provide significant reduction of near-end
echo. This is an added benefit of using this line driver architec-
ture.

Table | summarizes the experimental results.

V. CONCLUSION

A differential current-mode line driver suitable for trans-
former-coupled systems with 160-MHz bandwidth and better
than —47.5-dB total harmonic distortion has been presented.
This topology addresses some of the requirements of modern
transceivers by providing integrated termination without incur-
ring signal loss. Due to the presence of the automatic tuning
loop, it provides robust performance regardless of variations.
These performance improvements have been achieved at the
cost of increased complexity of the line driver circuit.
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