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Abstract

A 5.6-Gb/s/channel 4-pulse amplitude modulation (PAM) transceiver is designed for a
high-bandwidth chip-to-chip interface in a display application. The asymmetric 4-PAM
signaling scheme is proposed to increase the voltage and time margins, and the implemented
scheme reduces the reference noise effect in a receiver by 33%. The proposed asymmetric 4-
PAM transceiver is implemented by using a 0.13-um I-poly 6-metal CMOS process with a 1.2
V supply. The measured rms jitter of the output clock of the phase-locked loop (PLL) is 4.18
ps at the operating frequency of 700 MHz for 5.6-Gb/s/channel with a quad data rate scheme.
The measurement results show that the proposed asymmetric 4-PAM signaling increases the
voltage margin by 23.5% without reduction in the time margin as compared with
conventional 4-PAM signaling when the noise magnitude of the single reference is 65 mV.
The active area and power consumption of a 1-channel transceiver including the PLL are
0.294 um® and 6 mW/Gb/s, respectively.

Keywords: Asymmetric, 4-PAM, transceiver, receiver, reference, display application

1. Introduction

As the resolution of display system is changed from a full-high definition (FHD) to an
ultra-high definition (UHD), demands for a display interface with higher bandwidth have
been increasing. For a high-bandwidth interface, the design techniques used in high-speed
serial links become more important. For example, design techniques such as data training,
transmitter (TX)/receiver (RX) equalization, incorporation of circuits with inductors, and data
coding have been adopted or considered for a high-speed chip-to-chip interface system [1-3].
In this context, a pulse amplitude modulation (PAM) is another technique that can be
implemented in a high-bandwidth display interface system [4]. In general, 4-PAM signaling
increases the timing margin at the receiver as it reduces the Nyquist frequency for the
interface channel by half. However, in terms of the voltage margin, 4-PAM signaling is
effective when more than 10 dB of channel loss, mostly caused by dielectric loss and skin
effect, is expected by doubling the signaling speed [4]. This is because 4-PAM signaling itself
reduces the voltage margin by one-third.

Multi-level signaling is effective for the reduction of not only intrinsic channel loss but
also power consumption. Figure 1 shows the simulated power consumption of the differential
2-PAM and 4-PAM transceivers in the point-to-point channel with a length of 30 cm. As the
data rate increases beyond 5-Gb/s/channel, the power efficiency of the 4-PAM transceiver
increases with respect to that of the 2-PAM transceivers. This is because the 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 (1SI) in their internal nodes. The usage of
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4-PAM signaling also reduces the power consumption of the clock tree because of its low
operation frequency compared to the 2-PAM.
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Figure 1. Power consumption of transceiver except clock tree

Figure 2 shows the block diagram for one channel of a conventional 4-PAM transceiver.
The TX is composed of two drivers with different current sources, as shown in Figure 3(a). In
general, a driver for the least significant bit (LSB) has a current source of half of that of the
most significant bit (MSB). Further, each driver uses a differential amplifier for differential
signaling. The RX is composed of three unit receivers for the 4-PAM, as shown in Figure 2.
The RX, with the reference shown in Figure 3(b), is used for RX0_H and RX0_L, as shown
in Figure 2. The RX shown in Figure 3(c) is used only for RX0_M to determine the MSB. In
addition, a logic decoder block is required to convert the thermometer code to the binary code
for the 4-PAM.
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Figure 2. Block diagram of conventional 4-PAM transceiver
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Figure 3. 4-PAM transceiver circuit (a) transmitter (b) receiver with
reference (c) receiver without reference

Figure 4 shows the conceptual eye diagram of a conventional 4-PAM [4]. In the
conventional 4-PAM that has AV,, AV, and AV, of the same voltage amplitude (AV), the
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reference noise decreases the voltage margin in RX0_H and RXO0_L. Equations (1)-(4) show
the voltage margin for the four cases in RX0_H. When the deterministic noise magnitude of
the references (REFy, REF,) is 3a, the voltage margin for the worst case is AV minus 6a. The
voltage margin in RX0_H is equal to that of RX0_L. However, in the case of RX0_M, the
voltage margin for the worst case is AV because RX0 M does not use any reference, as
shown in Figure 3(c). Moreover, the time margin was determined in RX0_H and RXO0_L
because Teye, is smaller than T due to the inherent feature of 4-PAM. As a result, the
voltage and time margin in the 4-PAM receiver are determined by the signal integrity in the
front of the RX and the performance of the RX with the input stage for the reference.
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Figure 4. Conceptual eye diagram of conventional 4-PAM
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In this work, the asymmetric 4-PAM signaling scheme, which allows better voltage and
timing margins at a 5.6-Gb/s/channel data rate by controlling the eye opening of each signal
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level asymmetrically, is proposed. This paper is organized as follows. Section 2 describes the
concept of the proposed 4-PAM transceiver and circuit implementation along the simulation
results. Section 3 examines its chip implementation and measurement results. Section 4
concludes the paper.

2. Asymmetric 4-PAM Transceiver
2.1. Concept of proposed Asymmetric 4-PAM

In order to reduce the reference noise effect generated in the receiver of the conventional
4-PAM, the asymmetric 4-PAM, whose conceptual eye diagram is shown in Figure 5, is
proposed in this work. When the deterministic noise magnitude of the references is assumed
to be 3a, the levels of V; and V, are adjusted by 2a and the level of reference is adjusted by
la. In this case, the power consumption of the transceiver is equal to that of the conventional
4-PAM, because the amplitude of the maximum full swing from V, to V3 does not change.
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Figure 5. Conceptual eye diagram of asymmetric 4-PAM
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The optimal levels of V,;" and V," for the asymmetric 4-PAM are determined by the
condition that the magnitude of the center eye is equal to that of the upper or lower eye when
including the effect of reference noise. Equation (5) is the generalized formula for the N-PAM,
where f denotes the summation of magnitude at which each level of V; and V; is controlled.
The term N denotes the multi-level number of PAM and ¢ denotes the noise magnitude of the
reference signal. When ¢ is equal to 3a in 4-PAM, f is determined to be 4a. Equations (6)-
(13) show the voltage margin for four cases of RX0 H and RX0_M in the asymmetric 4-
PAM with the reference noise of 3a. The voltage margin for the worst case is AV minus 4a.
The voltage margin of 2a was increased compared to the conventional 4-PAM. Further, the
time margin in RX0_H increased from Teye, t0 Teyeo” by shifting the reference level (REFy,
REF,").

VMARGIN —CASE1-RX0_H =| (Vs - REFH ')_ (Vo - REFL') | —2x3a
=[(05-AV +1a)—-(-05-AV —1a)| - 6a
=AV - 4q (6)
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VarGIN _caAsE2_RX0 H = | (Vzl - REF, ') - (Vll - REFLI) | —2x3a
=|(-05-AV —1z)- (05-AV +1a)| - 6a

VviarGIN —casEs-RX0_H §|%\//1'__ ée%FH I) - (Vzl — REF, I) | —2x3a
=|(~1.5-AV +3a)-(1.5-AV - 3a) |- 6a

=3-(AV - 4q) (8)
VMARGIN —~CASE4-RX0_H =| (Vo - REFH I)_ (V3 - REI:L I) | —2x3a

=[(-25-AV +12)-(2.5- AV —1a)| - 6a

()

=5-AV -8« 9)
Visrai-caserrxo_m =| Va —Vo [=3-AV (10)
Visrain-casezrco m =| Vo' =Vi' | =1-AV — 4 (11)
Viaroincasearco v =| Vi' =V, | =1-AV — 4a (12)
Viaroin-casearco m =| Vo = Vs | =3-AV (13)

For the proposed asymmetric 4-PAM scheme, the transmitter adjusts the current strength
of the TX driver for the LSB (B0), as shown in Figure 6. In this work, the transmitter is
constituted of identical cells described in the following section, and it can adjust the current
strength of both the MSB and LSB drivers.
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Figure 6. Transmitter for asymmetric 4-PAM

2.2. Circuit Implementation

Figure 7 shows the block diagram of the implemented transceiver for the proposed
asymmetric 4-PAM with a quad data rate (QDR). The TX part consists of the test block that
generates 4-bit data from an external pseudo random bit sequence generator, a phase-locked
loop (PLL), and a total of 20 TX cells along with 1-tap pre-emphasis that is 20 dB of MSB
and LSB drivers to reduce channel ISI [5]. MSB and LSB drivers are segmented to 20
identical TX cells to reduce power consumption according to signal integrity and
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asymmetrically control the eye diagram size. Twelve TX cells are used for the MSB driver
and six TX cells are used for the LSB driver. The remaining cells are used for pre-emphasis
of each driver. The number of TX cells for MSB and LSB in turn on depends on signal
integrity.
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Figure 7. The block diagram of the implanted asymmetric 4-PAM transceiver

Figure 8 shows the schematic of the TX cell. It consists of four-pulse generators, a pre-
driver, and a main driver. The four-pulse generates 4-bit data that is generated by the test
block when CLK; and CLK;.; are simultaneously “high” and the pre-driver serializes the 4-bit
data and drives them towards the main driver. Subsequently, the main driver transmits the
serialized data. The eye diagram size can be adjusted to be asymmetric by varying the number
of the enabled TX cells and by controlling the bias level for the tail current of the enabled
main driver. For instance, one TX cell is designed to adjust a voltage value of 37.5 mV for
this interface with a parallel termination for the TX and RX. Further, the tail current of the
main driver is digitally controlled by a bias circuit with a 3-bit DAC.

The RX part consists of 4 RX cells for a QDR, a PLL identical to that in the TX part, and a
mux to select the signal for measurement. The RX cell has the same architecture as the
conventional receiver architecture, as shown in Figures 2 and 3. When the eye diagram size is
asymmetric, the values of reference voltages are digitally controlled from REF, and REF, to
REF” and REF.’, respectively.
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Figure 8. The schematic of TX cell
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Figure 9 shows the block diagram of the PLL for both the TX and the RX parts. It consists
of the conventional charge pump PLL with a regulated voltage-controlled oscillator (VCO).
The divider ratio is set at 10.
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Figure 9. Block diagram of PLL

2.3. Simulation Results

The data rate of the proposed asymmetric 4-PAM transceiver was targeted to be 5.6-
Gb/s/channel with a maximum operating data rate of 6.4-Gb/s/channel.

Figure 10 shows the simulation results of the conventional 4-PAM and the proposed
asymmetric 4-PAM scheme. The simulation was achieved in the point-to-point channel with a
length of 30 cm with a data rate of 6.4-Gb/s/channel, maximum operating data rate, by using
HSPICE. Figure 10(a) shows the voltage margin for the eye mask of the rectangle with a time
margin of about 62.5 ps. Figure 10(b) shows the time margin for the eye mask of the
diamond. Table 1 summarizes the simulation results shown in Figure 10. The voltage and
time margins of the asymmetric 4-PAM increased when compared with those of the
conventional 4-PAM in which the reference noise exists in the RX. Generally, the magnitude
of the RX reference noise is known to be about 30mV in a chip-to-chip interface.
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Figure 10. Simulation results of conventional and asymmetric 4-PAM
(a) voltage margin (b) time margin

Table 1. Eye margin of conventional and asymmetric 4-PAMs

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 4
[mV] Asymmetric
4-PAM 129 156 126 96
. . Symmetric
t . 62.73
|me[rr:1s?rg|n 4-PAM 62.99
. Asymmetric
(target :62.5ps) 4-PAM 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 214.6 217.4 187.4 157.4
[mV] Asymmetric
4-PAM 182.8 241.9 211.9 181.9
Symmetric
time margin 4-PAM 150.46 119.05
[ps] Asymmetric
. 124.
4-PAM 138.19 09

3. Chip Implementation and Measurement Results

The proposed asymmetric 4-PAM transceiver was fabricated by using a 0.13-um 1-poly 6-
metal CMOS process with a 1.2 V supply. Figure 11 shows the micrograph of the TX and RX.
The active area of the PLL is 500 x 400 umz, and the areas of the TX and RX are 450 x 140
um? and 240 x 130 pm?, respectively. The power consumption of the 1-channel transceiver
including a PLL with a 1.2 V supply (VDDQ=1 V) is 6 mW/Gb/s/channel.
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_I
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Figure 11. Chip micrograph (a) transmitter including PLL (b) receiver including
PLL

The measured operating frequency range of the PLL is from 200 MHz to 1.2 GHz. The rms
and peak-to-peak jitter of the charge pump PLL are measured as 4.18 ps and 29.8 ps,
respectively, in the operating frequency of 700 MHz for 5.6-Gh/s/channel with a QDR, as
shown in Figure 12.
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Figure 12. Measured jitter histogram of the PLL (at 700 MHz operating
frequency and 1.2 V supply)
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Figure 13. Measured transmit eye diagram (at 5.6 Gb/s) (a) symmetric 4-PAM
(b) asymmetric 4-PAM

The eye diagrams of the symmetric and asymmetric 4-PAM with a data rate of 5.6 Gb/s
measured at the receiver section are shown in Figure 13. The measurement was achieved by
using a p-stripline over 30cm FR4 traces on a four-layer PCB. In the symmetric 4-PAM
signaling, the magnitudes of the upper, center, and lower eyes were measured to be 300 mV,
290 mV, and 300 mV, respectively. If the noise magnitude of the single reference is 65 mV,
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the magnitude of the eye for the worst case is determined to be 170 mV since the worst case
noise magnitude of the differential reference is 130 mV. However, in the proposed
asymmetric 4-PAM signaling, the magnitudes of the upper, center, and lower eyes were
measured to be 340 mV, 210mV, and 340mV, as shown in Figure 13(b). In this case, the
magnitude of eye for the worst case is determined to be 210 mV without reduction in time
margin when the noise magnitude of the single reference is 65 mV. As a result, the voltage
margin is increased by 2a, about 40mV. Furthermore, the time margin did not decrease due to
use of the proposed asymmetric 4-PAM for the increase of the voltage margin, as shown in
Figure 13. The measured time margins of the conventional and proposed asymmetric 4-PAM
were determined to be the time margin of the upper and lower eyes (Teyez, Teye2). These had
almost equal values by 200 and 193 ps.

4. Conclusion

A 5.6-Gb/s/channel asymmetric 4-PAM transceiver was designed for a display interface
with ultra-high definition, and it was fabricated by using a 0.13-um CMOS process with a 1.2
V supply. The simulation results show that the proposed asymmetric 4-PAM reduced the
effects of reference noise in a receiver by 33% and increased the time margin when compared
with that of a conventional 4-PAM. The rms and peak-to-peak jitter of the charge pump PLL
were measured as 4.18 ps and 29.8 ps, respectively, in operating frequency of 700 MHz. The
measurement results show that the magnitude of the eye for the worst case is determined to be
210 mV when the magnitudes of the upper, center, and lower eyes are 340 mV, 210mV, and
340mV, and the noise magnitude of the single reference is 65 mV. As a result, the proposed
asymmetric 4-PAM signaling increases the voltage margin by 23.5% without reduction in the
time margin when compared with the corresponding values for conventional 4-PAM
signaling when the noise magnitude of the single reference is 65 mV. The power consumption
of the proposed transceiver was 6 mW/Gb/s/channel.
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