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( An 8-Gb/s/channel Asymmetric 4-PAM Transceiver with an Adaptive
Pre-emphasis for Memory Interface )
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Abstract

An 8 x 8-Gb/s/channel 4-PAM transceiver was designed for high speed memory applications by using 70nm DRAM
process with 1.35V supply. An asymmetric 4-PAM signaling scheme is proposed to increase the voltage and time margin
of upper and lower eyes in 3-class eye opening. A mathematical basis shows that this scheme statistically reduces 33% of
reference noise effect in a receiver. Also, an adaptive pre-emphasis scheme, which utilizes a lone-bit pulse with integrator
at the receiver, is introduced to reduce ISI for a simple DRAM channel. In this scheme, an integrating clock timing

calibration by using a pre-determined pattern is proposed for the optimum ISI measurement.

Keywords : DRAM, pulse amplitude modulation (PAM), transceiver, inter-symbol-interference (ISI), pre-emphasis

I. Introduction

As the interface speed of a memory system
increases, design techniques often used in high-speed
serial links become more attractive for a high speed
memory interface system. For example, the design

techniques such as data training, transmitter
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(TX)/receiver (RX) equalization, circuit with inductor,
and data coding have been adopted or considered” ™.
In this context, a pulse amplitude modulation (PAM)
is another candidate for a high speed memory
interface system[4].

In general, 4-PAM signaling increases timing
margin at the receiver by reducing the Nyquist
frequency by half for the interface channel. However,
in terms of voltage margin, 4-PAM signaling is
effective when more than 10dB of channel loss,
mostly caused by dielectric loss and skin effect, is
expected by doubling the signaling speed[4]. This is
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Fig. 2. Power consumption of transceiver except clock
tree.

because 4-PAM scheme itself reduces the voltage
margin by 1/3.

For a main memory (DRAM-dynamic random
access memory) interface where its data rate is not
exceeding 16-Gb/s/pin and multi-drop interface
should be supported, the signal integrity is more
affected by channel noise sources such as cross-talk
by near-by channel and reflection by impedance
mismatches than by intrinsic channel attenuation
itself. Also, the short point-to-point channel for
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graphic application does not ultimately limit the
2-PAM signaling by adopting TX/RX equalization.
For these reasons, the multi-level signaling for a
DRAM interface was not adopted for now.

However, the data rate of a main memory interface
continuously increases. Also, the differential signaling
should have at least twice data rate of single-ended
signaling to improve the efficiency of pin cost. Thus,
the impact of intrinsic chamnel loss becomes as
signaling.
According to Hspice simulation of a memory channel
with 1-DIMM (dual in line memory module) shown
in Fig. 1(a), the channel loss increases by 7 (1-Rank)
to 10dB (2-Rank) as signaling speed is doubled from
25 to 5 GHz, as shown in Fig. 1(b). Another
important advantage of using 4-PAM signaling is its

significant as to consider multi-level

better power efficiency. Fig. 2 shows the simulated
power consumption of differential 2-PAM and
4-PAM transceiver with respect to its data rate. As
the data rate increases beyond 5-Gb/s/channel, the
power efficiency of 4-PAM transceiver increases with
respect to 2-PAM transceivers. This is because
2-PAM transceivers (two types of 4.1 TXMUX and
termination) need more power to compensate for the
loss of SNR by heavy inter-symbol-interference (ISI)
Also, 4-PAM signaling
reduces the power consumption of clock tree because

in their internal nodes.
of the low operation frequency compared to 2-PAM.

An asymmetric 4-PAM signaling scheme, which
allows better
8-Gb/s/cahnnel data rate by controlling eye opening
of each signal level asymmetrically, is proposed in

voltage and timing margin at

this paper. Also, a simple adaptive pre-emphasis
scheme which utilizes 1-bit lone pulse is introduced
for the DRAM application.

0. Asymmetric 4—Pam Transceiver Design

1. Conventional 4—PAM Transceiver

Fig. 3 shows the block diagram of conventional
4-PAM for one channel. TX is composed of two
drivers with different current source, as shown in
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Fig. 3. Block diagram of conventional 4-PAM
transceiver.

Fig. 4(a). Generally, a driver for least significant bit
(LSB) has the current source of a half compared to
most significant bit (MSB). Also each driver uses a
differential amplifier for differential signaling. RX is
composed of three unit receivers for 4-PAM, as
shown in Fig. 3. RX with reference shown in Fig.
4(b) is used for RX0_H and RX0_L in Fig. 3. RX
shown in Fig. 4(c) is used for only RX0O M to
determine MSB. Additionally, a logic decoder block is
required to convert from thermometer code to binary
code for 4-PAM.

Fig. 5 is the conceptual eye diagram of 4-PAMY,
In the conventional 4-PAM with AV, AV}, and AV,
of the same voltage amplitude (4V), the reference
noise makes to decrease the voltage margin in
KEX0 H and RX0 L. Eq. (1)~(4) show the voltage
margin about four cases in EX0 H. When the
deterministic noise magnitude of references (REF4,
REF)) is 3a, the voltage margin of worst case is 4
V-6a. The voltage margin in RX0_H is equal to that
of in RX0O_L. However, in the case of RX0 M, the
voltage margin of worst case is AV because RX0 M
does not use any reference, as shown in Fig. 4(c)
(Eq. (5)~(8)). Also, the time margin was determined
in RXO_H and RXO_L because T,y is smaller than
Teyer due to the feature of 4-PAM. As a result, the
voltage and time margin in 4-PAM are determined
by the performance of RX with reference and the
input signal integrity in front of it.
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Vyurorv-caser-rxo_s =| (Va - REFH)_ (Vo - REFL) ' -2x3a
=1(05-A7)-(~05-A7)| - 6a Q)
= AV - 6

Vi -caser-ryo_n =| V, - REF,)- (¥, *REFL){—2X3II
=[(-05-a¥)-(05-a7) |- 6 (2)
=AYV -6

Visroiv-cases-rxo_si =1 (V, - REF,) - ¥, -REFL)|—2><3(Z
=[(-15-47)-(1.5-AV) |- 6a (3)
=3-AV -6«

Varu -case s-rxo H=| V, - REF, )~ (V, —REFL)|—2X3IZ

=|(-2.5-A7)-(2.5-A7)|- 6 (4)

=5-AV -6a
Vvisram —case1-rxo_m —| v, -V, |=3-AV ®)
VMARGIN—CASEZ—RX0~M =I Vz'_V1'|=1'AV—4a 6)
Vvurcry - CASE3RX0M=|V'_ "=1'AV—4(Z 7)
v RGINCASE4RX0M_|V V|—3 AV ®)

2. Proposed Asymmetric 4—PAM Transceiver

To reduce the above mentioned issue, the
asymmetric 4-PAM scheme is proposed, as shown in
Fig. 6. It has the level of V; and V> adjusted by Za
and the level of reference adjusted by Ia, when the
deterministic noise magnitude of references is 3a. In
this case, the power consumption of transceiver is
equal to the conversional 4-PAM because the
amplitude of the maximum full swing from Vj to V3
is not changed.

a8 6. HFE 4-8lY HAZEHZO| JEHl eye
diagram

Fig. 6. Conceptual eye diagram of asymmetric 4-PAM.
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The optimal level of Vi and V2 for asymmetric
4-PAM is determined by the condition which the
magnitude of center eye is equal to that of upper or
lower eye including the effect of reference noise. Eq.
(9) is the generalized formula for N-PAM.

_ N _25-(N-2)
AV -f=(aV + ) -2x8, =" = Q)

where 0 is the summation of magnitude which the
level of V; and V2 is controlled. N is the multi-level
number of PAM and § is the noise magnitude of
reference signal. When &6 is 3a in 4-PAM, B is
determined to 4a. Eq. (10)~(17) show the voltage
margin about four cases in RX0_H and RX0O_M in
the asymmetric 4-PAM with reference noise of 3a.

VMARGL\'-CASEl—Rxo,H = | (Vs - REFH ') - (Vo - REFL ') ' -2x3a
=05 A7 +1a)-(~0.5-AV -1a)}- 6o (10)
=AV -4da

VMARGL\'-(‘ASEZ-RXLH = | (Vz' - REFH ')" (Vll - REFL ') | -2x3e
=1(-05-8¥ -10) - (0.5-AV +1a)| - 6 (11)
=AV - da

VMARGI.\"~CASE3~RX0_H =} (Vl' - REFH ')_ (Vz'_ REF,_ ') | - 2x3«x
=|(~1.5-AV +3a) - (1.5-AV - 3a) |- 6 (12)
=3.(AV - 4a)

VMARGI;\'—CASExO—RXO_H =| (Vo - REFH ')_ (Va - REFL v) | -2x3c
=[(-25-AV +1a)- (2.5-AV - 1) |- 6a (13)
=5.AV -8«

Vsurem -caser-rxo_m —l v, -V, ’=3'AV (14)
Vsurom-cassr-rvo_m = | v, =»' | =1-AV -4a (15)
Vsurv-cases-rxo_m = I n-=-v,' | =1-AV -4« (16)
V varcry -case a-rxo_u —| Vo= Vs |=3-AV

an

The voltage margin of worst case is AV—4a. The
voltage margin of Za was increased compared to the
conventional 4-PAM. Also the time margin in
RX0_H increase from Teer to Tee due to reference
level shifting (REFy, REF}).

For the proposed asymmetric 4-PAM scheme, the
transmitter has the method to adjust the current
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Simulation resuits of conventional 4-PAM and
asymmetric 4-PAM.

(a) voltage margin

{b) time margin at rectangle eye mask

Fig. 8.

strength of TX driver for LSB (B0), as shown in
Fig. 7. 5-hit digital code was used to control the
level of Vi’ and V' according to the magnitude of RX
reference noise. Also, the decoupling capacitor was
additionally added for stable digital code level.

Fig. 8 is the simulation results of the conventional
4-PAM and proposed asymmetric 4-PAM scheme.
The simulation was achieved in the condition of the
channel shown in Fig. 1(a) and the data rate of
8-Gb/s/channel. Fig. 8(a) shows the voltage margin
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Table 1. Eye margin of conventional 4-PAM and
asymmetric 4-PAM.
eye_upper
Eye mask : Rectangle |eye_center|diff_ref. noise|diff_ref. noise | diff_ref. noise
{00mv) (30mv) (60mV)
Symmetric
voltage margin] 4-PAM 156 134 104 74
(mv] Asﬂ';‘::"c 129 156 126 96
time margin sy:;'m’i" 62.99 6273
[ps} ——
. Asymmetric
(target :62.5ps)( " oo 62.68 62.68
eye_upper
Eye mask : Diamond | eye_center| diff_ref. noise| diff_ref. noise| diff_ref. noise
(00mV) (30mV) (60mV)
Symmetric
voltage margin| _ 4-PAM 214.6 2174 1874 157.4
tmv] As{[:m"‘ 182.8 241.9 211.9 181.9
Symmetric
time margin | 4.PAM 150.46 119.05
ps] Asﬂm"c 138.19 124,09

for eyve mask of rectangle with time margin of about
625ps. Fig. 8(b) shows the time margin for eye mask
of diamond. Table 1 is the summary of simulation
results shown in Fig. 8 The voltage margin and time
margin of the asymmetric 4-PAM increase compared
to the conventional 4-PAM when the reference noise
exists in RX. Actually, the magnitude of RX
reference noise is about 30mV in DDR3 SDRAM.

1II. TX Pre—Emphasis for DRAM Channel

In high speed serial links, the complex algorithm
and hardware is generally used to reduce ISI [5].
However, in the channel with the monotonically
decreasing frequency response, as shown in Fig. 1,
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Fig. 9. Simplified block diagram for ISI reduction.
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the ISI of channel can be measured by comparing the
pulse width between 1-bit lone pulse and toggle
pattern with minimum ISL

Fig. 9 is the simplified block diagram for the
proposed ISI reduction. For this scheme, two TXs
(TX0, TXI) repeatedly transmit the pre-determined
patterns of 1-bit lone pulse (“00100") and toggle

CLKnr = i .q.,.mr Leading clock
R timin,
e OO0 ]
(Ayolo 10
vio
OUT 11
vit
vio > vi1
{a)
] firtegests | equatice
G ~— _":/w: Lagging clock
INnro (10 )0 {’a *u e 00 timing
INiT+ n SO 00 o0
g
VIo
OUT iy — (4 v
Vit
OUTINT‘! -1
VIO < Vi1
(o)
Gt ] - ; optimum
INwre  (URO(0F o) 5y Integration timing
INints C i10) 0 Vo
vio
OUTnro
1%
OUTir
Vig = Vi1
)

a8 10 HE 2Hg 9t elojal cloloa
(@) leading 23 Elo|Y (b) lagging 2 Elo|
2 (o) 2™ 23 Eloly

10. Timing diagram for integrating clock.
(@) leading clock timing (b) lagging clock timing
(©) optimum clock timing

Fig.

MZel QEHOIAE A%t HEH Z2AHAIAS JHXlE 8-Gb/s/Ad HFE 4-Y HANE

(663)

WE AEHR UM 9

pattern (“101017), respectively. The voltage levels of
“0" and “1” are Vp and V3 in Fig. 6. RX part
measures the channel ISI by integrating the pulse
width of the pre-determined patterns supplied from
two TXs. The RX part returns the comparison result
between two integrated values (VI0, VII) to TX part.
Then, the pre-emphasis of TX is controlled by the
feedback result from RX part until two integrated
values at each RX input are equal. The 1-tab TX
FIR controlled by 5-bit digital code was designed for
a DRAM channel with smaller loss than a seral
interface channel. The current integrator was used to
measure the pulse width® The integrating clock for
the current integrator used one clock among 4-phase
clock for RX with clock scheme of a quad data rate,
as shown in Fig. 9.

The timing calibration of the integrating clock
(CLKy7) for the current integrator is required for
exact integration of pulse width independent of the
normal operation. For this timing calibration process,
Two TXs repeatedly transmit “0110" patterns with
1UI delay difference about through each channel. Fig.

ff
3

Pre-emphasis strength ;)

Ky
£

Vortages (in)

Time (i) (TIME)

(@
TX pre-emphasis
strength [dB] 15 3 45 8
Pulse width
of data "H' [ps] 234.29 24193 | 251.05 | 261.01
Pulse width/1Ui 0.93716 | 0.96772 | 1.0042 | 1.04404
(b)
a8 1. (@ 1-8lE HA 3H (b Sz Zzjd
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11. (@) 1-bit puise response (b) 1-bit pulse width
according to TX pre-emphasis strength.

Fig.
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10 shows the integrated values of VIO and VII by
timing relation between data pattern and integrating
clock. The timing of the integrating clock is adjusted
until the integrated values (VI0, VI1) of two patterns
are equal.

In a DRAM channel shown in Fig. 1(a), the pulse
width measured at RX input increase as the strength
of TX pre-emphasis increase, as shown in Fig. 11.
The measured pulse width of 1-bit pulse was about
1UI when TX pre-emphasis was 45dB. This
simulation result for optimum TX pre-emphasis is
équal to the result of eye diagram generated by
random data transmitted from TX, as shown in Fig.
12.

IV. Conclusion

An 8-channel, 8-Gb/s/channel asymmetric 4-PAM
transceiver was designed for a main memory DRAM
by using 70nm DRAM process with 1.35V supply.
The proposed asymmetric 4-PAM has the larger
voltage magnitude of upper and lower eyes than the
voltage magnitude of center eye. This scheme

(664)
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reduced 33% of the effect of reference noise in a
receiver and increased time margin compared to a
conventional 4-PAM. Also, the TX

pre-emphasis scheme for a main memory DRAM

adaptive

was proposed. For this scheme, the ISI detection
scheme with clock time calibration was proposed and
was achieved by measuring 1-bit lone pulse.
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