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Abstract: A Mueller-Muller Phase Detector (MM PD) technology based on duo-binary four-level
pulse amplitude modulation (DB PAM-4) with low complexity and high phase-detection density is
presented. The proposed low complexity includes low phase-detection complexity and low space
complexity of data processing. The waveform sifting technology simplifies 175 specific waveform
changes into five fuzzy waveform change trends, reducing the complexity of subsequent phase
detection. By making the data sample before the waveform sifting, the data bit width is reduced from
8 bit to 3 bit, which realizes data dimensionality reduction, greatly reduces the scale of subsequent
auxiliary data, reduces the number of basic devices by 13.7%, and reduces the spatial complexity
of data processing. The coherent coding of DB PAM-4 combined with waveform sifting increases
the phase-detection density from 50% to 65% and improves both phase-detection density and phase-
detection gain by 30%, and improves the jitter tolerance. Through the simulation of the clock and
data recovery (CDR) model built by Cadence, the fast locking capability of CDR is verified.

Keywords: clock and data recovery; Mueller-Muller phase detector; low space complexity; low
phase-detection complexity; duo-binary four-level pulse amplitude modulation; high phase-detection
density; waveform sifting

1. Introduction

In high-speed serial port design, multi-level modulation technology has been applied,
such as a four-level pulse amplitude modulation (PAM-4). In the transmission protocol of
peripheral component interconnect express (PCle), PAM-4 has been adopted since PCle 5.0.
In the optoelectronic interfaces, PAM-4 is the current mainstream electrical interface and
has evolved into the main growth trend of replacing non-return to zero (NRZ) with PAM-4.
In the current situation of limited transmission bandwidth, to improve the transmission
rate and bandwidth utilization, the development of high-order modulation technology has
become inevitable.

In the process of high-speed signal transmission, compressing data bandwidth to
improve transmission efficiency is an effective way to improve signal transmission quality.
Duo binary (DB) modulation has the function of compressing signal bandwidth at the
same transmission rate [1]. In order to reduce the transmission bandwidth, the DB PAM-4
combined with the DB modulation technology can compress the bandwidth. At the same
working rate, the bandwidth required by DB PAM-4 is greatly reduced, but the 7-level
characteristic of DB PAM-4 makes the signal eye height compressed to half [2—4], increasing
the difficulty of the subsequent judgment.

The high-speed signal channel is seriously lost, and clock and data recovery (CDR)
needs to extract the clock information contained in the data, generate a synchronous
clock to resample the data, and complete the data retiming and synchronous clock re-
covery. The phase information extraction of conventional CDR relies on the Bang-Bang
(BB) phase-detection technique [5-7], which requires two samples 1 unit interval (UI) to
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obtain variable edge information and data information in turn, and requires high sam-
pler bandwidth. Using Mueller-Muller (MM) phase-detection technique [8-11], with only
sample 1 UI, reducing the sampler bandwidth requirement and the amount of data pro-
cessing. The original structure of the sampler plus CDR for Data Retiming under pam-4
modulation [11-13] is not applicable to the current modulation mode. The analog to digital
converter (ADC) + digital signal processing (DSP) architecture is a modular architecture,
in which the output clock of the phase interpolator (PI) controls the high-speed ADC for
data sampling, and the DSP controls the clock phase of the PI [14-16], which is applicable
to DB pam-4. ADC integrate to the system through intellectual property (IP) core for
data sampling and quantization. DSP performs data processing and loop control. For DB
PAM-4, a generalized low-complexity phase-detection method based on multiple-level MM
phase-detection technique is proposed, and the CDR based on this phase-detection method
is built in ADC + DSP architecture.

2. System Architecture Documentation

Compared with PAM-4, DB PAM-4 changes from 4 level to 7 level. When the output
swing is the same, the eye height becomes half, the eye width is reduced, the eye diagram
is compressed, and the CDR is increased judgment difficulty. The recovered quarter-speed
clock and 3-bit data of the CDR under DB PAM-4 modulation are shown in the Figure 1.
The recovered data is equivalent to the rightmost waveform.

Data
Recovery

v4

Clock
Recovery

Figure 1. Schematic diagram of DB PAM-4 CDR principle.

The ADC + DSP architecture used by CDR as shown in Figure 2, and the working
principle is as follows. The input data is an equalized 112 Gbps DB PAM-4 and sampled
by a 56 GS/s 8-bit ADC, driven by the PI. The 64 x 8 bit data obtained by sampling and
the previous group of data is stored in 2 x 8 bit data, and are converted into 66 x 8 bit
data with a single line rate of 875 Mbps through the combination of the first in first out
(FIFO) module. MM PD takes 3 UI data as the minimum phase-detection unit, completes
parallel detection with 66 x 8 bit data, and obtains 64 sets of phase-detection information.
The 16 bit temperature code is obtained through DSP processing, and the PI is controlled
to perform a clock phase shift so that the sampling clock falls near the optimal sampling
point. The best DB PAM-4 signal is obtained, and the phase-locking process of the CDR
loop is completed.
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Figure 2. Architecture of DB PAM-4 CDR based on MM PD.

The ADC is an 8-bit precision digital-to-analog converter driven by a 4-phase clock for
sampling to obtain 64 channels of parallel data. The FIFO combines data information. The
MM PD consists of the same 64 sets of MM phase-detection modules. The DSP consists of
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the voter, digital filter, phase integrator, and bandwidth controller. The Pl is controlled by a
16-bit temperature code, works on a four-phase 14 GHz clock, equivalent to a 56 GHz clock,
and generates a 4-phase sampling clock through vector synthesis.

The BBPD has a unique locking point, while the locking point of MMPD is a phase
region, and the unique locking point has little phase redundancy. The MMPD avoids the
inherent phase jitter problem of BBPD due to small phase error. In order to improve the
insufficient CDR phase-detection density at high loop speed, the MMPD is redesigned for
DB PAM-4. With reference to the CDR loop of DB PAM-4 based on BBPD [16], this MMPD
is introduced later.

3. MMPD Design for DB PAM4

DB PAM-4 is a seven-level signal, and it cannot meet the needs of phase-detection only
by the voltage threshold “0” judgment [14], and at least six-voltage threshold judgments are
required in all levels. The MM phase-detection algorithm realizes phase-detection at the edge
of data conversion. The eye diagram of the 3 UI of DB PAM-4 is shown in the Figure 3.
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Figure 3. Eye diagram of DB PAM-4 with 3 UL

Compared with 3 Ul PAM-4, DB PAM-4 has an increase in data conversion edge from
64 cases to 175 cases, while only 37 objects need to be discriminated in BBPD mode [16],
the complexity of phase-detection process increases significantly, mainly in the space
complexity. To solve the complex phase-detection problem of DB PAM-4, the waveform
sifting technology used to transform the phase-detection object into five types of judgment
processes based on trends, which significantly reduces the space complexity of the phase-
detection logic process. The reduction in space complexity lies in a significant reduction in
the amount of auxiliary data and basic devices in the process.

The MMPD of DB PAM-4 consists of a Data Sampler, Waveform Selector, Error Sampler,
and Phase Detector, as shown in Figure 4, with the core of waveform sifting, error judgment,
and phase judgment.

The waveform sifting process of DB PAM-4 divides the waveforms into five categories
according to the relative relationship between D,,_5, D,,_; and D, as shown in Table 1,
including Up, Down, Keep-Jump, Jump-Keep, No-Decision, as shown in Figure 5. The
operation principle is as follows: The D,[7:0] obtained by the 8-bit data ADC is compared
with the six judgment thresholds in Figure 3 through the data sampler, and the 3-bit data
d;[2:0] as shown in Figure 4, then input to the waveform selector, according to the relative
relationship of the three continuous data in Table 1 to get the work mode mode[2:0]; It
corresponds to 001, Down corresponds to 100, Keep-Jump corresponds to 110, Jump-Keep
corresponds to 011, and No-Decision corresponds to 000. After waveform sifting, Up, Down,
Keep-Jump, and Jump-Keep are used as phase-detection objects, and the phase-detection
waveform is reduced from 175 to 114.

The waveform selector consists of comparator and selector. By adding quantization
processing, the waveform selector input is reduced from 24 bit to 9 bit, the comparator input
is reduced from 8 bit to 3 bit, and the circuit size is reduced by 5/8. While three data samplers
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add some space, they reduce the amount of auxiliary data during computation. After digital
synthesis, the look-up table (LUT) and FIFO structures that occupy the most data space are
reduced from 56 to 44, which is equivalent to reducing the data space by 21.4%.

[—
D,[7:0] da[2:0] | S.[1:0]
. . = _>“ - .
D,.1[7:0] Data dp.i[2:0] Comparator <o Selector mode[2:0]
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D..[7:0] errdata,, o ﬂ»
d,[2:0] Error ) > Phase
e R | Ry P
2| 2: mode[2:0] }
Ref[7:0]
Figure 4. MMPD architecture of DB PAM-4.
Table 1. Waveform classification of DB PAM-4.
Classification Relative Relation Number Probability
Up D,_2<D,,_1<Dy 27 9/64
Down D,_»>D,_1>Dy 27 9/64
Keep-Jump D, »,=D,,_1 #Dy 30 3/16
Jump-Keep D, »#D,_1=Dy 30 3/16
No-Decision Other 61 11/32
110 ===
101 ===
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011 ===
010 ===
() —
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Figure 5. Waveform classification of DB PAM-4, (a) Up, (b) Down, (c) Keep-Jump, and (d) Jump-Keep.

This PD can provide phase-detection information in 50% of the data transitions in
PAM-4, and the phase-detection density is 50%, which is the same as the typical density
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under NRZ data [8]; the phase-detection density of PAM-4 MMPD [11] is about 43.75%.
The phase-detection density of DB PAM-4 is about 65% and 25% with BBPD [16]. As shown
in Table 2, DB PAM-4 improves the phase by about 30% compared to 50% of the classical
phase-detection density and 160% compared to BBPD.

Table 2. Phase-detection density comparison.

Reference Modulation Mode Classification Phase-Dejcection
Number Density
[8] NRZ MM 3 1/2
[11] PAM-4 MM 3 7/16
This paper PAM-4 MM 5 1/2
This paper DB PAM-4 MM 5 21/32
[16] DB PAM-4 BB 4 1/4

The logical expression of the Data Sampler logic gate circuit is:

7)Du[6) D (3D 21 Da[0] + D [7) Dy [5] D3] D [2] D 0]
w[6]D4[5]Du[1] + Dy [1]Du[0] + Dy[3]Du[1] + Du[2]Ds[1]

d,[0] = (Dy[6]Dy[5) D[4 D1 [3] D [2] Dy [1] D, [0] + Dy [7) D, [3]Dn2]Du[1]Dy[0] (1)
[5]Dn[3]Dn[1]

[0] + D [3] Dy [2] Dy [0]

2] + D,[6]D[2]D,[0] + D[7]D[2]D[0] + D[2]D[1]

+ D[1]D[0]) & (dn[2]dn([1])

According to the logic expression, the logic gate circuit of the Data Sampler is shown

in Figure 6.
Du[7]
D,[6] >
Di[5] }D
Di[4] >
Du[3] I'D‘
Dy[2] >
Dy[1] >
D,[0] &>
=
d,[2]1 d,[1] d,[0] Data Sampler

Figure 6. Logic gate circuit of Data Sampler.

The Waveform Selector consists of a Comparator and a Selector. The Comparator
inputs two consecutive sets of data sampling results to obtain the comparison result S,,[2:0].
The logic gate circuit expression of the Comparator is:
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Sul1] = dy 1 [2dn 1 [0An 2 1] + 1 2] 1[0 (1] [0

+dy1[20dy 1 [1]dy1[0)dn [2]du[1] + dy 1 [2]d,,—1[1]d,, 1 [0]d, [1]d 0]
+dy1[0]dn [20dn[0] + dy1[1]dn [2]du[0}+d, 1 [1]d, -1 (0] )
Sn[0] = dn-1[2]dn—1[1]dn[2]dn[0] + dy—1[1]dn—1[0]dx[2]d, [0]
+dy—1[2]dy—1 [1dn[2)dn[1] + dy1[1]dy-1[0)dn [2]dn[1]
+dy—1[2]dy1[0dn[0] + dy—1[2]dy—1[0)dn[1] + du[1]du[0]
According to the logic expression, the logic gate circuit of the Comparator is shown
in Figure 7.
ENG BT

Figure 7. Logic gate circuit of Comparator.

The selector obtains the working mode of the phase detector based on the preset
waveform sifting logic, and the logic gate circuit expression of the Selector is:

mode[2] = Su[1]Sn[015p_1[1]Sn_1[0] + Sp[1]Sn[0]Sw_1[1]Sr_1[0]
mode[1] = S[11,5(0]S,_1[1]Ss-1[0] + Sa[1]Sx[0]S,1[0] ©)
mode[0] = Sp[1]5,[0]S,—1[1]S,—1[0] + Sn[1]Sx[0]S,—1(1]

According to the logic expression, the logic gate circuit of the Selector is shown
in Figure 8.

S
sf0] >
Swall] D>
Si1[0] [{>‘

=

Selector Kﬁmde[z%(’de [ 15)“10(19[0]

Figure 8. Logic gate circuit of Selector.

The error sampler give the error conclusion by compared the data with the error
boundary. The error boundary is +V,.r and —V,.; centered on seven levels, 12 in total,
as in Figure 9. This error boundary V. is set in the form of a digital signal Ref[7:0]
with an accuracy of 8 bit, which can adjust according to the degree of channel loss. The
output error information is 3 bit and consists of the upper boundary information errup,
the lower boundary information errlow, and the error information errdata. The working
principle is as follows: the corresponding level signal V[7:0] is obtained by d,,[2:0]; when
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D, [7:0] > V[7:0] + Ref[7:0], errup = 1 otherwise errup = 0; when D;[7:0] < V[7:0] — Ref[7:0],
errlow = 1 otherwise errlow = 0, the signal errup and errlow are dissociated to get the
error information errdata. The data is the minimum level when d,[2:0] = 000, then no
lower bound judgment is made. It is the maximum level when d,[2:0] = 110 and no upper
boundary judgment is made.

Compared with the method of directly searching the LUT through the 8-bit raw data,
the number of LUT and FIFO after the synthesis of the error sampler is reduced from 68
to 60, and the data space is reduced by 11.8%. The basic devices of the entire MMPD are
reduced by 13.7%, which significantly reduces the auxiliary data and effectively reduces
the space complexity of the phase-detection process.

\ /4 7
E, ZIC ST ' e A ' """""" Vet
XA R XA R
S .y ANTZA e AT - oo
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B AN T SN A .
U i AN\ NN NN NN + VW/

Dn—Z D n-1 D n
.................................... error boundary

Figure 9. DB PAM-4 error boundary and eye diagram relation.

The Error Sampler circuit and logic expression will change with the change of the error
boundary, and the logic expression is not unique, so no special design is carried out. The
Phase Detector circuit obtains two phase difference signals Yr and Y| based on the preset
phase-detection truth table according to the output mode[2:0] of the waveform selector and
the error signal output by the error sampler. The circuit is shown in the Figure 10.

Phase detector

i errdate,
 errdate,. Y
errdate,» Data gglil—DE_arlyé
Pl 1 Selector C
errlow,, DLL ;
t mode[2:0] S Late;

Figure 10. Logic gate circuit of Phase Detector.

The data selector circuit is specially designed to simplify the circuit structure, and the
logic truth table is shown in Table 3.

Table 3. Data Selector truth table.

Mode errdata,_1 A B C
000 X 0 0 0
001 X errdata, errlow, 1 errup;, 1
100 X errdata,_q errup,_1 errlow,,_1
011 0 1 errdatay errdata,_q
011 1 1 0 1
110 0 1 errdata,_q errdata,_»
110 1 1 1 0
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According to the logic truth table, the logic gate circuit expression of the Data Selector
is obtained as:

M; = mode[2]mode[1]mode[0]
My = mode[2]mode[1]mode[0]
mode[2]mode[1]mode[0]

2 1
M3z = mode|2|mode[1|mode|0
My = mode|2]mode[1]mode]0] (4)

A = Mjerrdata,,_1 + Myerrdata,_1 + Mz + My
B = Mjerrlow,,_1 + Myerrup,_1 + Mszerrdata,_,errdata, + Myerrdata, 4
C = Myerrup,—1 + Mperrlow, 1 + Maerrdata,_, + Myerrdata, _qerrdata,_,

According to the logical expression, the logic gate circuit of Data Selector is shown
in Figure 11.

: mode[2] errdata,.|

mode[1] [D errdatsz,ll>

mode[0] [{>A errdata,.»
: ! errdlow,|

errdup, |
M,
M,
M;
M,

M, [M,[M;IMy

Figure 11. Logic gate circuit of Data Selector.

According to the above principle of phase-detection, referring to the MMPD phase-
detection logic [8], the MMPD phase-detection logic of DB PAM-4 is obtained, as shown
inTable 4.

Table 4. MMPD phase-detection truth table for DB PAM-4.

Mode errdata,_, errdata,_; errup,—; errlow,_; errdata, Yg Y; PhaseInfo

000 X X X X X 0 0 No Info
001 X 0 0 0 X 0 0 No Info
001 X 1 1 0 X 0 1 LATE
001 X 1 0 1 X 1 0 EARLY
100 X 0 0 0 X 0 0 No Info
100 X 1 1 0 X 0 1 EARLY
100 X 1 0 1 X 1 0 LATE
011 X 0 0 0 0 0 0 No Info
011 X 0 0 0 1 1 0 EARLY
011 X 1 X X X 0 1 LATE
110 0 0 0 0 X 0 0 No Info
110 1 0 0 0 X 0 1 LATE
110 X 1 X X X 1 0 EARLY

4. MMPD Performance Analysis
4.1. MMPD Phase-Detection Gain Analysis
The MMPD outputs the phase-detection result in the form of levels, the early output

low level is recorded as “—1”, and the late output high level is recorded as “+1”. Under the
DB PAM4 data, the relationship between the sampling phase of the phase detector clock
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and the output voltage is shown in Figure 12. The phase-detection boundary is determined
by the voltage thresholds +V,,r and —V,, ¢ of the error sampler, and the voltage is converted
into phase information to obtain the decision phases — ¢, and +@,..

- 0 ¢ T

Figure 12. Relationship between clock sampling phase and PD output voltage.

Due to the presence of jitter, the output voltage varies with the phase difference
between clock and data. The output voltage can replace by the average value of the output
voltage. Such a jitter generally includes Gaussian jitter, uniform jitter, and sinusoidal jitter.
When the jitter is Gaussian with mean ¢ and variance o, the average output voltage
is represented by p. The early probability is Pr(early|pp), and the late probability is
Pr(late|pp). When the average value of the phase difference is ¢, the expression of the
average output voltage is u [16]:

u = —1x Pr(early|pg) + 1 x Pr(late|po) ©)

According to the Gaussian distribution obtained:

Pritateln) = —— [~ 5 ©
r(late = —— e 2 X
o 0-\/277-[ Pref
Similarly, obtained:
1 —Pref ’(x7¢0)2
Pr(early|g)= / e 22 dx 7
(earlylg)=— Vol )
Substituting (6), (7) into (5) obtained:
1 ~ Pref ~(r=g9)? 1 0o —(x—gg)?
- _ e 202 dx+ / e 22 dx 8
¥ oV 2 Loo OV 2T J @ref ®

Average output curve of variable variance when ¢,.¢ = 0.09 Ul, as shown in Figure 13.
When the phase is in the linear region, the equation can be simplified to obtain the gain in
the linear region of the MMPD [8,16].
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linear region 6=0.09
6=0.06
late
WF ——mmm e e e e e e - -
-1+ T T T 1
-0.5 0.0 0.5

@o(UI)

Figure 13. Average output voltage of PD with various variance.

lety = =90 then

NoY:
“Pref %0
1 © 2 1 TV 2
- [ yd_i/ V4
V\/E/”’szj’oe Vo Umle W
Pref — %0
1 © 2 U 1 Ny 0 2
- yd—/ 74 —7/ v yd—/, eV 9
U= [eta) - ([ e e €A O
1 4’;’%@’0_2

=— / ey €V d
NG fﬂy?/ri L y
Using the first-order Taylor formula to approximate, there is some error when calculat-
ing the gain in the linear region of the MMPD. Since the approximate area of the first-order
Taylor is limited, getting an accurate approximation of the gain, increasing the Taylor order
can improve the calculation accuracy and reduce the error.
Based on Taylor series, let eV a1 — yz, eV al— y2 + %y‘*, then

Preft90

V2o 2

R —= o 1=y )dy (10)
V)
1 Pref 0 1
V2o 2 4

WA —= [ L=y + 5y )dy (11)

V Juin 0V

When the error range is less than 0.01, the two data are considered equal, and the
algebraic solution of y is approximately 0.381, 0.636. The equivalent integral range corre-
sponding to @ is @ef = 0.5380, ¢y, + 0.8990. Within the same error range, the second-order
Taylor expansion has a larger phase margin than the first-order expansion. The deviation
between the calculated gain and the measured gain is mainly caused by the insufficient
precision of the approximate substitution [8,16]. When ¢ = 0.09 Ul and ¢,.f = 0.09 U], the
output average voltage is input to y, as shown in Figure 14.
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Figure 14. Comparison of average output voltage in linear region.

Combining the numerical analysis and images, select (7) as an approximate expression.

1 .9"7@]*'4’0 1

20 2 4
ﬂ%*/«; Sp 1my oYy

\/E ref 2
V2o
(12)
— %o 2 — 1 X 43(me2 + qo—oz + i X 5§0ref4 + 4704 T 10(’)273fq)02
270 3 o2 10 204

The gain of the PD is the slope of the output versus input phase difference, when the
data source is an 11-level pseudo-random binary sequence (PRBS11), the phase-detection
density of DB PAM-4 is 21/32, which is higher than 1/2 phase-detection density 30%, the
phase-detection gain is 30% higher.

KMMt
21 ou
Kym = 55— 13
MM = 35 500 (13)
Input Gaussian jitter:
3¢re% + 300> 5¢rer* + 590" + 3097, rpo?
21 ou 21 1 Pref” + 390 1 Pref Po P ref PO
KMM—Gauss = o =———F— |2 g X————+ =X (14)
32090 322710 3 o2 10 204

At o =0.09 UL ¢f = 0.09 U the measured gain at ¢o = 0 is 3.5287, and the calculated
gain is 3.6362, which basically matches the gain error and proves that the gain calculation
is correct. Input uniform jitter and sinusoidal jitter [16]:

21
Kyvm-uni =—— ~421 15
MM-Uniform 32\/50 (15)
Input sinusoidal jitter:
21
Kym-sin = ——— ~ 1.64 16
MM-Sin 32\57_[0_ (16)

4.2. High Phase Density Analysis in CDR Loop

The purpose of improving MMPD is to improve CDR loop performance. Investigate
the effect of high phase-detection density on CDR loop performance. By simplifying the
CDR loop to analyze performance changes, the simplified model is shown in Figure 15.
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TD is the phase-detection density determined by waveform sifting. Kpp is the PD gain
determined by the input jitter distribution. Kp is the digital filter gain. Kppc is determined
by the PI resolution.

S+
P in Eaél’ error, | ™ H Kop H Ky
-

Figure 15. Simplified model of CDR loop.

The open-loop transfer function:

Pout 1
G = —=TD-Kpp-Kp-K . 17
1(2) ™ pp - Kp - Kppe - 77— (17)
The open-loop gain K:
K=TD-Kpp -Kp-Kppc (18)
The Closed loop transfer function:
H(z) = Pout _ _Gulz) (19)

a Pin 1+G (Z)
At a given jitter frequency, as the input phase ¢;, amplitude increases, the bit error rate

(BER) begins to increase as the phase difference ¢;;, — @out approaches 0.5 UL Therefore, to
avoid BER rising, the following conditions need to be met:

Perror = Qin — Pout < 0.5 (U1 (20)
Substituting (15) into (16), obtain:

1+ GL(Z)

in <
Pin )

(U (21)
The jitter tolerance expression Gj;(z):

1+Gi(z )
2
Increasing the phase-detection density increases the open-loop gain, which improves
jitter tolerance, and the loop becomes more tolerant to jitter.
According to the simplified loop equation, the index parameters of the design are
given, as shown in the Table 5.

Gjt < (uD (22)

Table 5. CDR parameter table.

Parameter Value (o = 0.09 UL @, = 0.09 U
D 21/32
KppxTD/64 4.21(uiform), 3.64(Gaussian), 1.64(sinusoidal)
Kp 142714
Kppc 1/128

5. Simulation Result

The proposed algorithm is verified by constructing a CDR hybrid digital-analog
model of MMPD in Cadence. The digital part of the system, including the MMPD and DSP
algorithm parts, are all designed with Verilog code, PI uses the analog circuit designed
by CMOS 28 nm process and the rest of the components are completed by Verilog-A and
simulated based on AMS simulation mode. At 112 Gb/s, with a phase error of 0.48 Ul
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input, the lock time of the CDR loop is verified and the performance of the CDR digital
algorithm in DB PAM-4 and PAM-4 is tested.

This paper mainly verifies that the CDR loop completes the simulation of the clock
and data locking process by inputting 112 Gb/s DB PAM-4. The phase shift of the 14GHz
clock is 45 degrees, which is equivalent to moving 0.5UI on the DB PAM-4 eye diagram, as
shown in the Figure 16. DB PAM-4 enters the locked state after 136.5 ns, as shown in the
Figure 17. Enter the locked state after PAM-4 184.6 ns, as shown in the Figure 18. Compared
with PAM-4, DB PAM-4 has a higher phase-detection density and shorter locking time,
which is consistent with theoretical speculation.

9007 . DB PAM4

I PAM4

67.5

—

T
0.0 40.0 80.0 120.0 160.0 200.0
time (ns)

©136.5ns 45.0)

Phase
B
u
o

Figure 16. PI output phase in DB PAM-4 and PAM-4.

B DB PAM4
| MM PD Clk

Initial Phase Locked Phase
>

0.74

0.62

> 0.50

0.38

0.26

0.14 1

0.02 1 1 1 1 1 1 1 1 |

0.0 222 4.44 6.67 8.89 1.1 13.3 15.6 17.8 20.0
time (ps)

Figure 17. Clock and data relationship in DB PAM-4.

0.98 4
Initial Phase Locked Phase
>

0.86

0.74 1

0.62

> 0.50 |

0.38 -

0.26

0.14 4

002 -,

T T T T T T T T 1
0.0 222 4.44 6.67 8.89 111 133 15.6 17.8 20.0
time (ps)

Figure 18. Clock and data relationship in PAM-4.
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6. Conclusions

The clock and data recovery (CDR) design of the 112Gb/s duo-binary four-level pulse
amplitude modulation (DB PAM-4) receiver adopts the new Mueller-Muller Phase Detector
(MMPD) combined with the digital signal processing (DSP) algorithm to complete the multi-
stage phase-detection task with a shorter locking time, and high phase-detection density, and low
phase space complexity detection. An MMPD algorithm based on DB PAM-4 is proposed, which
reduces the space complexity of all-digital PD by the 7-level. The DB PAM-4 CDR algorithm
based on PAM-4 CDR design shortens the design cycle, and analog to digital converter (ADC) +
DSP architecture is compatible with low-order modulation methods such as PAM-4, which can
realize the multi-mode isomorphic design of the receiver.
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