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A high-gain analog equalizer suitable for high-speed transmission systems
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Abstract: To address the problem that the bandwidth and gain of conventional analog equalizers cannot be satisfied
simultaneously, inductive cresting technique and negative impedance converter are used [or high [requency operation.
The bandwidth is extended by using active inductors to achieve inductive cresting techniques, while a negative
impedance converter consisting of cross-coupled transistors converts capacitance into negative capacitance to offset the
output capacitance, increasing peak gain while maintaining DC gain. The circuit is designed based on the SMIC 130 nm
process library, The simulation results show that the equalizer works under the power supply voltage of 1. 8 V, which

can well compensate the severely lost channel in the high-speed transmission system at the rate ol 6. 375 Gbps. The

horizontal opening of the eye diagram reaches 0. 85 UL
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Ell

VTR SR, Xof B v T B RN B R AR I 4L 7 R HESh T
MEGA R RS AR R, T B LB AR B W BT O
AR A, B2 1 5w Ay kAR M K T K& . SerDes
(Serializer/Deserializer) B, # 9 |7 72 b T 1 2R 15 5 &R 4
i, 3R B L i PERE i USBLSATA . J& {4 . PCI Express
SEM L BRI L T AR T AR 08 SR 3G A 91 RE Hh A R AR A
S VL R S B, O L A7 i T 3 o e s B R AR
TS T . H 5| 455 8 T3 (inter symbol interference.,
ISD'™ ., IST AT B £ B A #4301 A6 L 1% Mt (signal noise
ratio, SNR) , 3 5 Z f& % 17 15 & (bit error rate, BER) .

R T AAE T G RE B S AR AT LIRS A 0 B2k

i

A H 38 - 2022-09-09
» B G H < B SRR (2021YFB1600600) 351 H % B

- 164 -

B B AR UE 4 0o 5 5 8 RIS A R B L A
SerDes WUk & 1 R 4 Fi 2 4 5 R, 388 8 25 78 32 oo 4
L BF A £k M 39 % (continuous time linear equalizer,
CTLE) # # %5 & 1% 39 # (decision feedback equalizer,
DFE). DFE j@ i BUat 4k i 55 5l i A BT ) o 38 LUE Y
AR EE R I R ISIT- . FEE T B A B0 R He 5k
P56 T3k (Ginter symbol interference, ISD (1818 . 3 H
ik B E0Z B0 R ] BT ) B R . R E &R E
F4 AR5 P 38 % B G D I 2% (low pass filter, LPF)™, i
CTLE 4 # 76 A5 35 7 B 2 B H 75 3 08 O 2% A R -,
UM 3 o 486 o 15 308 00 A 3 ) Y, b2 T 1 I I S KR A
fF9 =W, AMEBR T ISI i smn, EZN A BT RIA K
b A0 T E R RS SGAR o T #t 40 o) S 5E  B  E A



I MF. - AEATHRERALY SR ER

510 3

AL B BT AR R G SRR 10 Gbps, [
IR A 1R SR M FR B s i, CTLE B AT HL,

CTLE 28 M — >l B 119 o 3 8 0 i & R B 7R AL 14 PR
Bobh HA Z A F 00 09 32 22 3R 4 LURA SORS 3 0 15
EHFEAME" . SCHRCO AT 10 T3y 0 U6 Sl ™ Jre it 5
B BAR R 1 0 2  (ECH A TR 2 5 1T 4R 1t
R e A 0 2 ARG L 9 FL G IR AL R o T BRUR L SRR R AN T
SR SO T R I 2 ORI BTN 8 m T — %
R B 1R R Y i o (R LA M SR L SRR X 5 SCERL 12 R
F Cherry-Hooper £ 44 , ¥ il i Hh i Sz 15 e B 4 BEL{EL 5 1
oA 5 S A5R  A G) I TR A O G g R R fE R A5t
BEFRAE S — A B IR Ay 5 B AR BV AR B A Ak . R ) 2%
A3 25 AN 5 5 SCRR L LS T FT P A S 47 ) S 2L 0 {6 A
VAR Y5 A 8 A 45 4 52 30T 4 7 A9 4 22 4 CTLE, 7T LSE
50 1Y T 2 U (EL Y £ SR T VR B 4 M B AR AT 2 5 SOk [ 14 ]
R T — M2 ISLUR S RS AR A CTLE 4584, 7T LA
3 A B TR TR A T AR Bt B R U A5 B R 5
TRL 15 T ok i P 60 v 25 D/ i A O 19 PR 28 SCRKL 16
He CTLE 5 20 G FUUUER R (3 - XUER B BOR A 25 & A
RO AR 1 S8 AR B T B R R AR AR 1

DRI, A SC5 57 TR H JE R 67 BHL B e e 1 1T S B Y
oAy 15 T EBFE R K AR T . AT A I R
IN—AZF SR YR 5, A R S0 B TR e A% A0 25 AR 1
HARIE R R s A R A i A . O HEUR R,
GRS L TE 6. 375 Gbps BER, AT LU 45 b g A7 45
fr 18 SR AN (5 o450 1 o D AR (5T BE A8 W 2 sk T

1 BHEREIT
1.1 f£% CTLE ¥MERHBHE S
1 G WA 0 BB 3 AT 2 L IR S M I A 1 Ca) BT

TR T B J2 e RC M A R ARGR AL M 2% . AL i
PREICH »

1
RL ” T~
sCq
H(s) = -7 1 =~
PR
R 2s5C
1
s+
RCgq
—g.R. = (D
ngs
1+ 1
“TRe Y Tre)

K. g, HEA nMOS BIEERE S R, 2HEHRH,
Co 51T SR, Ro T Cs 2 PR IE £k R 25 1 vt BEL A0
BN AR SCAT DR 28 5 i 75 245 58 CTLE (R S50 880U 1
R, W& L(b) i 7n o FFREAT il B 20 47, R 7 — 4

1+ngs
1 2
A H 5 = =—— (3 2 =
z;ﬁ*ﬂ | *&/n\’wz Rscs’wﬁl Rscs (I)’wpz

TV

e ——

> % /(rad s")

. 0

(b) FURRFE 122
Bl 1 A% 5 i e I ] 2 M 2 A8

=

1 . .
RC’ FHHw, <<w,> ZH w. \TUES 10 55 R4t
L L

+20 dB BT TR @, JUAES: 10 IR 4R L — 20 dB
F e U . MAAFUIECHRE M il £ 0T LU Yy, CTLE By g 52 3 iy

= Y ) "‘"R (LR Y
BT I LIRS 2800 A, — —52 2 (I 36
mi\L S

1+

A=A, 22 A LCTLE R B FESKE

@

1 "mRs _
ﬁg@%Kz”;—leﬁ’z . CTLE ] K% B ki 8

B0 FE R 2R B B RO BB TR KM R B T
TR Z B 3 25 2. AR SCAT DLF AT Ry .Co
B fs T AR A B A L A5 3OS () A A3 S il o i £k 5 LA
Ivil 5 3 194 DR AT M2 S SR T B 1 1 B PR AR AR 2 R
B T e S A T R T o B AR A A 4 Y o AR 25 R

FAHMEG N CTLE B — T 5, i s b 2 68 )
AL HEBL A SCBETTH SR T — T B S e L e 1 &
SR = AR SO T AT B 4 5, H LSy 6
e LT 4 At 245 T P, 25 A o 970 Fl, 2 P, 86 OB B v DA (G 25
1.2 HHmEEmg

S 48 v F4 1 A5 0 W D L AE B 3R 40 ol e R AR B R
RMEE A P REARRSER QR FAEEEE S,
B TR RS mR, HEEER N ERERAR,. H
A 2T Gyrator-C #fi G5 #4 B o 422 1 1 2L -3

+ 165 -



5 46 & woF o

¥ #H K

U S TR AL R WYY 4 S T AR L R B X A oz R
PR R B/ A B L PR AN (] 2 R L AR 5 T AR B

sRC,, +1
SERLC 4530 B B ST 8 L 2, —

N 1 N Jg
HELG—-TEEAN 0. = rC WA w, = 2,

gs

C

K 2 BB 0y IR AR

[ A 4, T LA B TR B SO A F 9 Y, AT
743 RL 5308 BB AP S AN EROCHF S R, = R, L =

RC,,
- 'Ry =

T3 A A T A B ROLL BT R R S AR
Ge A28 v B R R S BN I S AT LAY R A A A 0. R
T » Joik g pe iy RC I8 Al 5] A A R A Re vak , L P e fE0 44 25 32
TEAB & . Ik, £ B 3w 1 BT e A IR
VR AR Y [ L 4R AT AR RO AR RE T . B BRI 3
B .

LY
’ - | 1]

AW C ¢

® 1, ® @

) f

B3 TR RS CTLE JF B

FH2C U & nMOS XA B4 510 BHL 40 4% # i A  75
2H R B P A L S SR W T ST SRR A A A AR

WA MR RN E RN L = —

- Ce
w T 5(C, +2C0) - .
B T T MR MR OB R

iz%%*ﬁ%?ﬁ%gic( %ﬂﬁ"\ Eﬁ.lgﬂ*(cp/c(ﬁ—z)/gm E‘J
BRI, Horb, USRI R e 9 C AT LALE I A

« 166 -

i E 5 M BELBE A 3k 3 v A7 L BEL BT 72 LA AR S 55 K
e 4 AWIHE B AR . AN T Lo, = 0.315,, B0Z
R MDA IR R AR . (R, BT M A S T R 2 L BE S TS #E
HEH B, AR AR M T P E IR FE A5 .

% H R 45 T4 i CTLE F A 130 nm CMOS T.%;
5t R B A SOT R R, Ry A AL bE RN T
YERY nMOS S84, B AT A8 Y5 R 4k r B, 38 1 4 il i A%
FE o7 e B, DUIRAS RS R W B R A M fF R 3G 5 5
AR SC I 1 2 4 14 2 A R R A PR 4 R 0 S 2 A
MG A ST T B AR, AT LUE B 4 4% m oK AR
ffE S1#5h 20 dB,

20

e y
1 | — i b /
15+ \__ MI:3.72 GHz {9} dB
13 1
1
g oor
=
70 t
E
5ot : i
30 [ M2916GHz767 mdB ¢ )
1
10 F \ ;
10 e
yo [Bdr372038 Gﬁ‘z 20191 3dB 5:5424 3

109 104 10°  10° 107 10 107
freq/Hz

P4 Bt S 2 A A R o 1 £k 1A

]010 ]011

2 FEER

KT B iR A 2 PR BE L X 80 em K B FR-4 {55 {58
YEATEEAR, v] UAS B H R A RFE S21 W 5 Frn . X BlRoR
BR AN A GH2) .Y B R R 6 A R # W08 JE (Bl ok
dB).

0.0 2.0 4.0 6.0 8.0 10.0
% /Hz

Bl5  fEIEMIH AR

HT A B T PR A & S8 P BT SR Y ARINCS18
BIMSUR e L A8 A i £ 1 19 & 36 St 22 045 5 TR A DR RE



I MF. - AEATHRERALY SR ER

510 3

BL T S04, AR 28 43 B BC & 2 4. 45 A1 6. 375 Gbps,
ZO BRI E N 500 mV, b T i e 0 B E 3 5 E N
20 ps, B 6(a) FIE 7(a) N ¥ HT )G 55 W B8 Xt L, 7T
DVE M B e e, B — ™ A O & 7= A iR
BIE T W ERAE Rk, BAAREESE TH, ¥
VIR EIE 6 (b)) F1E 7 (b) g 75 Jin 359 45 2% 1 34 4 25 1 {5 5
B REER RN IR B R,

1.64

¥
i
370 410 450 490 530 570 62.0
I} [Bl/ms
(a) ST HE ) I 8k T B
1.62 smeye v/inp;tran/V

VIV

Viv

240.0 3200 4000 480.0
B [8]/ps
(b) R T & MR s M IRE

LR 4. 25 Gbps B IR 45 51

0 80.0 160.0

& 6
5 S R TR, E 6(h) ety LIS — 3k 7 51 4

0.87 L~ d ‘
36.0 40.0 44.0 48.0 52.0 58.0
I [R]/ns
(a) BIHERT 5 IR
1.62 '
g 1.53
1450
1.37 ———
112 eyfv/outp;tran/\/ ]
1.03
Z
=195
0 400 80.0 120.0 160.0 200.0 240.0 280.0 320.0
I [R)/ps
(b) FEE S & HERIENRE
Bl 7 L% 3y 6. 375 Gbps A5 R

T AL T8 AR P AR P s T R0 2 4 R 2 A U AR
I H R EEL R 188 mV, K3k FF 2 0. 88 UT(1 UT=1/
(4. 25 Gb/s) =235 ps); B 7(b) T {55 & BBEE 5 R
RS2 4 P A, £ 20 0 35 A 35 35 A U R R 1 3 5k O B 4
170 mV, K FE3k FF BE K 0. 85 UI(L UI=1/(6. 375 Gb/s) =
157 ps). AJLLE 7 ARINCS18 PrsUhm #E 1 T Fp A 5] £
PWEMERT FoERREAHEA THBNEA, £1
SR T Al 2 A 4 A B 1 B X E

F1 S5RLEETHHERSHLER
SR 253 CERL11] SCHR[16] SCHRL18] SCERL19]
T.2/nm 130 40 180 180 90
2=y CTLE CTLE CTLE CTLE CTLE
% /Gbps 6.25 6.25 10. 00 3.30 2. 00
HIE/V 1.8 1.1 1.8 1.8 1.0
#-30/ps 25.0 5.8 17.0 30.5 17.0
I KAMERE S/ dB 20. 0 13.8 8.3 18.8 12.0

X LEEE R R 1 AT LU i A SCRRL 11 69 A
Pl A 24, (5 J2 HOR T 2 G0 HE S5t 00 2%, e g 4
A% s SCARL 16 1R i 23 -0 AR 31 I 46 A5 380 T 44

T BEBME MR /N (EIEAR 3 £5 FUA A ST — 5 SCik[18 ]
SR SCHE G5 $2 Ik Y £ R A % BB 7 AR, (EL A SO R
191 3 SCHRL L9 T A% 8 7 288 B A 3 D 405 g ik 2 7 5 5 A 0%

« 167 -



5 46 % L. I S S S
28 Z BB P & I BT DGR F T AR R R SRR A Conference on Electron Devices and Solid-State
FMEBE T H A IIA L Circuits ( EDSSC), 2017, DOI: 10.1109/EDSSC.
3 oz i 2017. 8126570,
(1] FRMsM, B, %k, & — i & 6. 25 Gh/s CTLE
AR LI T —FpH T 53 SerDes # H B & 3 38 BB VLT 1. B P2 201646 (2) 215 218,

CILE @i, RARRE 5 TRR 5 TRA MUNH LK [12] LEE S, KIM J, JEONG D K. Feedforward cherry-
o CTLE G aB o 68 A R b B e A At ™ e 17 92
g 10 35 P 7 BEL 725 4 5 201 1 e 7 K L 45 0L 1 5 Ot hooper continuous time linear equalizer in 28 nm
B8 25 L I /N T T BRIV TR . M B R, CMOS [ C7J. 2022 37th International Technical
1E 80 em A9 FR-4 b {518 L #ifL i T 6. 375 Gbps B9 Conference on Circuits/Systems, Computers and
EE L E R FFEER T T 0.85 UL, {HI2, A i B & (% Communications (ITC-CSCC), 2022, DOI; 10. 1109/
P E LR 15 5 H AR T R — 2B R . ITC-CSCC55581. 2022, 9895009.
5% Uik [13] DELSHADPOUR S, ZHANG X. A 20.6 Gb/s
[1]  sffi. 253 SerDes (& S MBI MH ADZID]. M . #7 programmable peaking gain CTLE[J]. 2020 IEEE

T 2%, 2015, 63rd International Midwest Symposium on Circuits
[2] ZHANG B, KHANOYAN K, HATAMKHNAI H, and Systems ( MWSCAS), 2020, DOI. 10.1109/

et al. A 28 Gb/s multistandard serial link transceiver MWSCAS48704. 2020. 9184549,

for backplane applications in 28 nm CMOS[J]. TEEE ~ [14] HONG S, BAE C H, SUNG Y C, et al. A reflection

Journal of Solid-State Circuits, 2015, 50 (12): and crosstalk canceling continuous-time linear equalizer

3089-3100. for high-speed DDR SDRAM[C]. 2021 Symposium on
(3]  EFNBKHEY .k E, % TS G SR VLSI  Circuits, 2021, DOI.  10.23919/

AR B O AR . AR T A, 2022, VLSICircuits52068. 2021. 9492390.

41(5) ;149-154, [15] CHOI Y, KIM Y B. A 10 Gb/s receiver with a
[4] YING Y M, LIU S1. A 20 Gb/s digitally adaptive continuous-time linear equalizer and 1-tap decision-

equalizer/DFE with blind sampling[C]. 2011 IEEE feedback equalizer[ J]. 2015 IEEE 58th International

International Solid-State Circuits Conference, 2011, Midwest Symposium on Circuits and Systems

DOI: 10.1109/ISSCC. 2011. 5746390. ( MWSCAS ), 2015, DOIL: 10.1109/MWSCAS.
[5] TOIFL T, MENQLFI C, RUEGG M,et al. A 2.6 2015. 7282072.

mW/Gbps 12.5 Gbps RX with 8-tap switched- [16] WU L H. A 10 Gb/s analog equalizer in 0.18 pm

capacitor DFE in 32 nm CMOS[J]. IEEE Journal CMOS[CJ. 2013 TEEE 10th International Conference

Solid-State Circuits, 2012, 47(4) ;:897-910. on ASIC, 2013,DOI: 10. 1109/ ASICON. 2013. 6811888.
(6] 2. EBAH.F2 1.2 —MESisafEadity [17] PREIBISCH J B, REUSCHEL T, SCHARFF K, et al.

e (). S 2%, 2020,50(4) . 514-520. Impact of continuous time linear equalizer variability
(7] 2%, 5K4R 7. —FPEETU0S- T B X03F A & CTLELT . on eye opening ol high-speed links[C]. 2016 IEEE

WL T2 ,2021,51(6) :878-882. 20th Workshop on Signal and Power Integrity (SPD),
[8] BULZACCHELLI J F. Equalization for electrical links: 2016,DOI. 10. 1109/SaPIW. 2016. 7496287.

Current design techniques and future directions[]J]. IEEE (18] /ANy, Braug, 0k, 2. —FoE BT/~ E T B 4T

Solid-State Circuits Magazine, 2015, 7(4):23-31. HEFEIY 3.3 Gbit/s BHIA M & LI ], BT 84, 2020,
(9] SRMARLWIRAE. — A FHICERFK 24 Gb/s HHEA 43(2):349-353.

WA AWM LT BT 2B, 2017, 45 (7). [19] GIMENO C, GUERRERO E, SANCHEZAZQUETA C,

1608-1612. etal. 1 V continuous-time linear equalizer for up to
[10] ZHU G, LUO D, ZHUANG J,et al. A fully adaptive 2 Gh/s over 50 m SFPOF[J]. 2015 TEEE International

continuous-time linear equalizer for PAM4 signaling

based on a statistical algorithm[C]. 2017 International

168 -

Symposium on Circuits and Systems (ISCAS), 2015,
DOT; 10. 1109/ISCAS. 2015. 71690009.



I MF. - AEATHRERALY SR ER % 10 4

E&EE

FW ARSI, R EN WHLR R R e
TS PPl LA T B B O 1 BT 5 IR BOR DL R AL
B R it

E-mail: pwang_cauc@163. com

BAME. B, FETR IR R FREE
it
E-maill; geekzdy(@163. com

X &8 GREEZ » P, EERE 7 0 W A& E A
E-mail. ljzhebut@126. com

+ 169 -



