(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
24 October 2019 (24.10.2019)

(10) International Publication Number

WO 2019/203993 Al

WIPO I PCT

(51) International Patent Classification:
Ho04L 25/03 (2006.01) HO3M 1/08 (2006.01)
HO3M 1/50 (2006.01)

(21) International Application Number:
PCT/US2019/023913

(22) International Filing Date:
25 March 2019 (25.03.2019)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
62/659,456 18 April 2018 (18.04.2018) Us
62/727,365 05 September 2018 (05.09.2018) US

(71) Applicant: RAMBUS INC. [US/US]; 1050 Enterprise
Way, Suite 700, Sunnyvale, CA 94089 (US).

(72) Inventors: LIN, Haidang; 1050 Enterprise Way, Suite
700, Sunnyvale, CA 94089 (US). BOECKER, Charles,
Walter; 1050 Enterprise Way, Suite 700, Sunnyvale, CA
94089 (US). HOSSAIN, Mosum; 1050 Enterprise Way,
Suite 700, Sunnyvale, CA 94089 (US).

(74) Agent: BEHIAL, Arthur, J. et al.; Silicon Edge Law
Group LLP, 7901 Stoneridge Drive, Suite 528, Pleasanton,
CA 94588 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

(54) Title: SERIAL-LINK RECEIVER USING TIME-INTERLEAVED DISCRETE TIME GAIN

FIG. 1

w0 20197203993 A1 |0 000 000000 00O 0

[{e]
—No R
geg |q 100
www 5
fo 32 Y Deedd %S Deeels v
Clk iming| , OO O O or oo o
— 12 [7
Dal Dal(k) . D1(k)
Da2 Da2(k) D2(k)
CTE | Deq Time-Interleaved Da3 DT VGA (x16) |Da3(k) Quantizer D3K)
Data— 105 » Analog Samplers 1151161 > (x16) ——
= (x16) 110[16:1] 5 1nafieq E 120[16:1] E
Dat6_ Dal6(k) D16(k

(57) Abstract: A serial receiver combines continuous-time equalization, analog interleaving, and discrete-time gain for rapid, efficient
data reception and quantization of a serial, continuous -time signal. A continuous-time equalizer equalizes a received signal. A number
N of time-interleaved analog samplers sample the equalized continuous-time signal to provide N streams of analog samples transitioning
at rate reduced by I/N relative to the received signal. A set of N discrete-time variable-gain amplifiers amplify respective streams of
analog samples. A quantizer then quantizes the amplified streams of analog samples to produce a digital signal.
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SERIAL-LINK RECEIVER USING TIME-INTERLEAVED DISCRETE TIME GAIN

BACKGROUND

[0001] Wired communication refers to the transmission of data over a wire-based
communication technology. Receiving such data, particularly at high data rates, requires
sensitive, linear analog amplifiers. An amplifier is linear if its output is a linear function of its
input, which means in part that signal components of different frequencies receive the same level
of amplification. Linearity is difficult to obtain in practice and is a main factor limiting the speed

performance of analog receivers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] The detailed description is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference numerals
refer to similar elements and in which:

[0003] Figure 1 depicts a serial receiver 100 that uses a combination of time-interleaving and
discrete-time gain for rapid, efficient data reception and quantization of a serial, continuous-time
signal Data on a like-identified single-ended or differential input node.

[0004] Figure 2A details an embodiment of discrete-time variable-gain amplifier 115(1), one
of sixteen such amplifiers 115[16:1] introduced in Figure 1.

[0005] Figure 2B is a timing diagram 225 illustrating the operation of discrete-time variable-

gain amplifier 115(1) of Figure 2A.

DETAILED DESCRIPTION

[0006] Figure 1 depicts a serial receiver 100 that uses a combination of continuous-time
equalization, analog interleaving, and discrete-time gain for rapid, efficient data reception and
quantization of a serial, continuous-time input signal Data on a like-identified single-ended or
differential input node. Signal Data is conveyed at a relatively high symbol rate, S6GBd (56

billion symbols per second) as of this writing. A continuous-time equalizer 105 equalizes signal
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Data to provide an equalized continuous-time signal Deq that operates at the same symbol rate.
In this context, a “continuous-time” signal is one that is continuous in time, and a “continuous-
time” equalizer is one that is also continuous in time, e.g. it does not use any clocking and
operates over a range of frequencies. Suitable continuous-time equalizers are well known to
those of skill in the art so a detailed discussion is omitted.

[0007] A set of sixteen time-interleaved analog samplers 110[16:1] samples equalized
continuous-time signal Deq using sixteen differently phased clock signals Clk1 through Clk16 to
obtain sixteen respective series of analog samples Dal through Dal6. Timing circuitry 112
derives clock signals Clk1 through Clk16 from a reference clock signal Clk synchronized to
signal Data. Each analog sample expressed in series Dal through Dal6 is a voltage level
corresponding to one symbol time of equalized continuous-time signal Deq. Time interleaving
samplers 110[16:1] reduces the sample rate by a factor of sixteen, and thus relaxes time
constraints on downstream circuitry and increases overall gain bandwidth. In this embodiment in
which signal Data is conveyed at 56GBd, for example, analog sample streams Dal through Dal6
are each conveyed at about 3.5GBd. The number of time-interleaved analog samplers can be
generalized to N, which may be more or fewer than sixteen in other embodiments. Analog
samplers, such as so-called “track-and-hold amplifiers,” are well known to those of skill in the
art.

[0008] Each of the sixteen time-interleaved analog samplers 110[16:1] feeds a corresponding
one of sixteen discrete-time variable-gain amplifiers 115[16:1]. Amplification through discrete-
time variable-gain amplifiers 115[16:1] is linear relative to continuous-time variable-gain
amplifiers and contributes to the overall linearity of receiver 100. Considering equalized,
continuous-time signal Dal, for example, one of discrete-time variable-gain amplifiers 115[16:1]
provides linear amplification of that series of analog symbols to produce an amplified series of
analog samples Dal(k). Timing circuitry 112 controls the timing of discrete-time variable-gain
amplifiers 115[16:1] by issuing sixteen sets of reset and evaluation signals Rst#/Eval#, examples
of which are detailed below in connection with Figures 2A and 2B. The remaining fifteen
amplifiers 115[16:1] similarly amplify signals Da2-Dal6 to produce amplified series of analog
samples Da2(k) through Dal6(k). In general, a signal xn(k) represents a sample from the nth
instance of n=16:0 constituent amplifier 115[16:1] at a discrete time k. The voltage gain

provided by discrete-time variable-gain amplifiers 115[16:1] in the discrete-time domain reduces
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the need for continuous-time amplification at earlier stages. Reduced continuous-time
amplification allows CTE 105 and analog samplers 110[16:1] to operate at lower voltage levels,
and thus in more linear amplification ranges. Finally, a set of sixteen conventional quantizers
120[16:1] coupled to the outputs of discrete-time variable-gain amplifiers 115[16:1] quantizes
analog, discrete-time signals Dal(k) through Dal6(k) to produce sixteen series of digital signals
D1(k)-D16(k) that collectively convey the digital values represented by the original received
continuous-time signal Data.

[0009] Figure 2A details an embodiment of discrete-time variable-gain amplifier 115(1), one
of sixteen such amplifiers 115[16:1] introduced in Figure 1. Amplifier 115(1) is a differential
amplifier with a gain stage that employs a pair of NMOS transistors M1 and M2 with control
terminals (gates) connected to complementary input nodes to receive differential analog signal
Dal. The sources (current-handling terminals) of transistors M1 and M2 are coupled to a lower
power-supply terminal Vss via respective current sources 200 and to one another via a variable
resistance 205. The drains (also current-handling terminals) of transistors M1 and M2 are
selectively coupled to complementary output nodes Dal(k) via ganged switching elements 210,
both controlled by evaluation signal Evall, which can be of transistors (not shown). Output
nodes Dal(k) are also coupled to upper power-supply terminal Vdd via a pair of capacitors 215
and ganged switching elements 220 that selectively discharge capacitors 215 responsive to reset
signal Rstl.

[0010] Figure 2B is a timing diagram 225 illustrating the operation of discrete-time variable-
gain amplifier 115(1) of Figure 2A. The trace for signal Dal represents the analog voltage
difference between the gates of transistors M1 and M2, which voltage difference can be positive
or negative depending upon the value expressed by the symbol under consideration. The trace for
signal Dal(k) represents the positive or negative voltage difference between differential output
nodes Dal(k).

[0011] Signals Rstl and Evall, both digital, are low from time TO to T1 to open switching
elements 210 and 210. Output nodes Dal(k) thus float at voltages that are a function of a prior
symbol. Reset signal Rst1 is asserted at time T1 to close switching elements 220 to discharge
capacitors 215. Both nodes Dal(k) are thus set to the high supply voltage Vdd and their
differential value to zero. An evaluation stage begins at time T2 when reset signal Rst1 returns

low and evaluation signal Evall is asserted. Switching elements 220 open and switching
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elements 210 close. The relative voltages across capacitors 220 thus change as a function of the
currents through transistors M1 and M2, and thus the differential voltage across the gates of
transistors M1 and M2. The voltage across each capacitor 215, and thus across output nodes
Dal(k), changes linearly responsive to the constant currents pulled by current sources 200.
Beginning evaluation with output nodes Dal(k) at supply voltage Vdd maximizes signal
headroom and amplitude to further contribute to linearity. Source degeneration established by
resistor 205 also contributes by reducing the impact of the input transconductances of transistors
M1 and M2 on the gain of amplifier 115(1). Resistance 205 can be tuned to establish a desired
level of source degeneration and to match and calibrate amplifier 115(1) with respect to the other
variable-gain amplifiers 115[16:2].

[0012] The evaluation stage ends at time T3 when evaluation signal Evall is deserted,
leaving a measure of symbol magnitude stored as a voltage across nodes Dal(k). Quantizer
120(1) quantizes the analog value of signal Dal(k) between times T3 and T4 to produce a digital
value D1(k) (Figure 1). Reset signal Rstl is once again asserted in anticipation of the next
symbol. Each of the reset and read stages takes about 25% of one symbol time in this example,
leaving 50% for evaluation.

[0013] Input signal Data is a PAM-4 signal (for pulse-amplitude modulation, 4-level) in the
example of Figure 1. That is, signal Data is modulated using four pulse amplitudes to represent
symbols, each symbol conveying two binary bits (i.e., 00, 01, 10, and 11). Quantizer 120[16:1]
quantizes each analog level—each symbol—of sixteen 3.5GBd series Da[16:1](k) into two bits
for a total data rate of 112Gb/s (3.5GBd * 16 * 2bits=112Gb/s). Binary or other modulation
schemes can be used in other embodiments.

[0014] In the foregoing description and in the accompanying drawings, specific terminology
and drawing symbols have been set forth to provide a thorough understanding. In some
instances, the terminology and symbols may imply specific details that are not required. The
term "coupled,” for example, is used herein to express a direct connection as well as a
connection through one or more intervening circuits or structures. Furthermore, while the subject
matter has been described in connection with specific embodiments, other embodiments are also
envisioned. Therefore, the spirit and scope of the appended claims should not be limited to the
foregoing description. Only those claims specifically reciting “means for” or “step for” should be

construed in the manner required under the sixth paragraph of 35 U.S.C. §112.
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CLAIMS

What is claimed is:

1. A receiver comprising:

a continuous-time equalizer to equalize a continuous-time signal conveyed at a symbol
rate, thereby providing an equalized continuous-time signal at the symbol rate;

analog samplers each coupled to an output of the continuous-time equalizer, the analog
samplers to sample the equalized continuous-time signal, thereby providing multiple series of
analog samples, each of the multiple series of analog samples conveyed at a sample rate lower
than the symbol rate; and

for each of the analog samplers:

a discrete-time variable-gain amplifier coupled to an output of the analog
sampler to amplify the respective series of analog samples, thereby providing an
amplified series of analog samples; and

a quantizer coupled to an ocutput of the discrete-time variable-gain

amplifier to quantize the respective amplitied series of analog samples.

2. The receiver of claim 1, each of the discrete-time variable-gain amplifiers including:
a transistor having:
a control terminal coupled to the output of the analog sampler;
a first current-handling terminal; and
a second current-handling terminal; and
a {irst switching element to selectively connect the first current-handling terminal (o the

quantizer.

3. The receiver of claim 2, each of the discrete-time variable-gain amplifiers further

including a capacitor counected between the switching element and a power-supply terroinal.

4. The receiver of claim 3, cach of the discrete-time variable-gain amplifiers turther
inclading a second switching element connected in parallel with the capacitor, the second

switching element to selectively discharge the capacitor.
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3. The receiver of claim 4, further comprising timing circuitry coupled to the discrete-time
variable-gain amplifier, the timing circuitry to control the first switching clement to charge the

capacitor respounsive to each of the analog samples.

6. The receiver of claim 5, the timing circuitry to control the second switching element to

discharge the capacitor between the analog samples.

7. The receiver of claim 6, the second switching element to discharge the capacitor to zero
volis.
8. The recetver of claim 2, each of the discrete-time variable-gain amplifiers forther

including a current source coupled between the second current-handling terminal and a power-

supply terminal.

9. The receiver of claim &, further comprising a second current source coupled between the
second current-handing terminal and the power-supply terminal, the receiver further comprising
an impedance disposed between the second current source and the second current-handling

terroinal.
10. The recetver of claim 9, wherein the second upedance is programmable.

11 A method for quantizing a continuous-time signal conveyed at a symbol rate, the method
comprising:

equalizing a continuous-time signal, conveyed at a symbol rate, to provide an equalized
continuous-time signal at the symbol rate;

periodically sampling the equalized continuous-time signal responsive to phase-offset
clock signals, thereby providing multiple series of analog samples;

amplifying each of the multiple series of analog samples to produces multiple amplified
series of analog samples; and

quantizing each of the multiple amplified series of analog samples.

12. The method of claim 11, wherein the pertodically sampling comprises charging a

capacitor responsive to the equalized continuous-time signal.



WO 2019/203993 PCT/US2019/023913

7
13. The method of claim 12, further comprising discharging the capacitor between the series
of analog samples.
14. The method of claim 13, wherein the discharging of the capacitor sets a voltage across
the capacitor to zero.
15. The rmaethod of claim 12, wherein the charging of the capacitor comprises drawing a
constant current through the capacitor.
16. The method of claim 11, wherein the equalized continuous-time signal comprises
complementary signal halves,
17. The method of claim 11, wherein quantizing cach of the multiple amplified series of

analog samples comprises quantizing each analog symbol in each of the multiple amplified series

of analog symbols.

18. The method of claim 17, wherein the quantizing produces two binary bits for each of the

analog symbols in each of the roultiple amplified series of analog symbols.

19. A receiver comprising:

a continuous-time equalizer to equalize a continuous-time signal conveyed at a symbol
rate, thereby providing an equalized continuous-time signal at the symbol rate;

differential analog samplers each coupled to an output of the continuous-time equalizer,
the differential analog samplers to sample the equalized continuous-time signal, thereby
providing multiple series of analog samples, each of the multiple series of analog samples
conveyed at a sample rate lower than the symbol rate; and

for each of the analog samplers, a discrete-timne variable-gain amplifier coupled to an
output of the analog sampler to amplify the respective series of analog samples, thereby

providing an arophified series of analog samples.

20, The receiver of claim 19, further comprising a quantizer coupled to an output of the
discrete-time variable-gain amplifier to quantize the respective amplified series of analog

samples.
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