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The Role of PLLs in Future Wireline Transmitters

Behzad Razavi, Fellow, IEEE

Abstract—As data rates in wireline transmitters approach
80-100 Gb/s, phase-locked loops emerge as a serious bottleneck,
requiring co-design of the clock and data paths. This paper de-
scribes speed, skew, and jitter issues at these rates and formulates
the corruption due to effects such as the reference phase noise and
the loop filter leakage. The phase noise performance of cascaded
loops is also analyzed and a new transmitter architecture is pro-
posed that substantially relaxes the speed and skew requirements.

Index Terms—Cascaded phase-locked loops (PLLs), dividers,
frequency doublers, gate leakage, millimeter-wave circuits, multi-
plexers, oscillators, phase noise, random and deterministic jitter.

I. INTRODUCTION

HE demand for higher data rates in wireless and wireline
T systems continues to push circuit and architecture design.
At present, the link speeds are approaching 20 Gb/s in copper
media and 40 Gb/s in fiber media; it is therefore plausible that
the next generation will reach 80—100 Gb/s—at least in optical
links.

This paper describes phase-locking issues in high-speed
wireline transmitters and proposes circuit and architecture tech-
niques to alleviate these issues. The paper expands upon and
more rigorously deals with some of the concepts mentioned
in [1] and also presents a number of new ideas. Section II
summarizes general issues and Section III deals with random
and deterministic jitter. Section IV analyzes cascaded loops and
Section V describes a new architecture and its circuit details.

II. GENERAL CONSIDERATIONS

Fig. 1(a) shows a generic wireline transmit path consisting of
a multiplexer (MUX) and a retiming flip-flop (FF). The phase-
locked loop (PLL) produces a half-rate clock, fy;yx, to drive
the MUX and a full-rate clock, fo g, to drive the FF. The re-
timing is necessary so as to remove the jitter introduced by the
mismatches within the MUX paths and by the duty cycle dis-
tortion of fj;x . Note that the duty cycle distortion of fo is
benign.

At high speeds, the architecture of Fig. 1(a) entails several
issues. First, the +2 delay, AT, translates to a skew between
the MUX output and the FF clock, degrading the retiming phase
margin [Fig. 1(b)]. It is possible to cancel this skew by inserting
a delay replica in series with fo g, but the required full-rate
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Fig. 1. (a) Generic transmitter. (b) Problem of divider delay.
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Fig. 2. Propagation of driver capacitance to VCO.

bandwidth makes the design of the delay stage difficult. We deal
with this issue in the architecture proposed in Section V.

Second, the PLL and data path designs are inextricably
linked. As illustrated in Fig. 2, the TX design begins with the
output driver and proceeds backwards, sizing the FF so that it
can drive the output stage, and the voltage-controlled oscillator
(VCO) so that it can drive the FF and the =2 circuit. Since
bandwidth, power consumption, and signal routing constraints
limit the number of buffers that can be placed in the data
and clock paths, we say the output driver’s input capacitance
“propagates” to the VCO.

Third, the VCO, the driver, and the retiming FF present diffi-
cult circuit design challenges as speeds reach 80-100 Gb/s. For-
tunately, developments in millimeter-wave CMOS VCOs and
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dividers [2]—[5] can be leveraged here. We address the problem
of FF design in Section V.

III. JITTER

A. Random Jitter Issues

If the retiming FF and the output driver in Fig. 1(a) provide
sufficient bandwidth, the PLL becomes the dominant source of
jitter in the transmitted data. At speeds approaching 80-100
GHz, the random jitter rises considerably because (1) the ) of
inductors begins to saturate; for example, [6] reports a () of 12
at 60 GHz; (2) the @ of varactors is likely to be even lower;
(3) the very large frequency multiplication factor realized by
the PLL greatly amplifies the reference phase noise, Sggr. In
this section, we investigate the choice of the PLL loop band-
width so as to minimize the overall integrated phase noise. Con-
sider a second-order type-II PLL having the following transfer
function:

2Cwn s + w?
§2 + 2Cwps + w2’

(:bout
¢in

The —3-dB bandwidth of the loop is obtained by equating the
magnitude of (1) to 1/1/2 and is given by

(s) = ey

W 4p = [242 +14+/CC+1)2+ 1} W@
For( = 1
fsdB =25/ 3)

where f,, = w, /(2). Called the “loop bandwidth,” this value is
usually chosen to be about one-tenth of the reference frequency.
Approximating the PLL with a first-order low-pass filter (LPF)
having this bandwidth, we express the total integrated phase
noise at the output due to the reference phase noise as follows:

— ™
P2, 2 X 5(2.5an25REF)

n,to
~ 2.57ran25REF

“
&)

where the factor of 2 in (4) accounts for the phase noise on both
sides of the carrier, 7/2 denotes the noise bandwidth factor of
a first-order LPF, and N is the PLL frequency multiplication
factor. The square root of qb?,/,m divided by 27 yields the frac-
tional output jitter [in unit intervals (UI)]. To compute the output

jitter in seconds, we write
/42
¢n,,tot 1

Jitter, s = . 6
2T N frer ©
_ L 25 Suer -

4 frer  frEF

If the loop bandwidth, 2.5 f,,, is equal to a certain fraction of the
reference frequency, o frgr, then

1 oS
Jitter, e = =@ REF
47 frEF
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Fig. 3. Shaped reference and VCO phase noise in a PLL.

Remarkably, the jitter (in seconds) due to the reference phase
noise remains independent of the PLL multiplication factor or
the output frequency.! For example, high-quality (high-cost)
crystal oscillators around 100 MHz exhibit a phase noise of
about —150 dBc/Hz at offsets higher than 100 kHz, yielding
an rms jitter of 0.28 ps if @« = 0.1. The peak-to-peak jitter is
roughly 8 times this value—about 0.22 UI at 100 GHz.

Let us now consider the effect of VCO phase noise. The
transfer function from the VCO output to the PLL output is
given by

(:bout 52

= ) 9
bveo $) s2 4+ 2Cwps + w2 ©)

If flicker noise contributes negligibly, the VCO phase noise
is given by 3/w?, where 3 is a proportionality factor. The PLL
output phase noise is therefore equal to the magnitude squared
of (9) multiplied by 3/w?

w? I6]
Sout = - 10
¢ (w? —w2)?2 +4Cwiw? w2 (10)
This profile begins from zero at w = 0, reaches a peak at
Wpeak = _CQ + V C4 +2 Wn (11)

and approaches 3/w? as w* becomes sufficiently large in the
denominator of (10). If { = 1, the peak of the profile occurs at
w =~ 0.86w,, and is equal to

V3—1p

3 w2
~ LB
N ITuE

Sout,peak = (12)

(13)

The profile is thus 6 dB below the free-running phase noise at
w ~ 0.86w, and approaches 3/w? as w exceeds approximately
4wy,. Fig. 3 summarizes these results.

The optimization of the loop bandwidth requires that we in-
tegrate (10) from 0 to oo, add (5) to the result, and differen-
tiate with respect to f,,. Since (10) does not easily lend itself
to this analysis, we seek a simpler expression that reaches a
maximum of 3/(4w?) at w = 0.86w,, and a value of 3/w? at

IThis point should not be confusing: if N varies, either frrr or the output
frequency must vary. In the latter case, the phase noise rises but the jitter (in
seconds) remains constant.
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Fig. 4. Optimum choice of loop bandwidth.

w = 4w, [similar to the behavior of (10)]. Such an expression
is as follows:

f p

Sou =
CT P11+ 0972 " 16n2F,

(14)

where w and w,, have been replaced with 2= f and 27 f,,, respec-
tively. The integral of this function from f = Oto f = 10f,, (the
region enclosing about 95% of the phase noise power) is equal
to

10fy
/ Souedf = 22040 (15)
0

w2 f,

The total integrated output phase noise due to the reference and
the VCO can thus be written as

— 0.2040
2 or = 2.57 f, N*Sper + 2—[ (16)
’ 2 fn
which reaches a minimum of
qb?t,tot,min =038 vV NZBSREF (17)
if f,, is chosen equal to
0.32 |/ 16
= — ) ——. 18
f 2T NZSREF ( )

(Of course, if N2Sggr is small, f,, has an upper bound im-
posed by the loop stability.) Fig. 4 plots the overall output phase
noise in this optimized case. Note that the value of f,, suggested
by (18) is approximately 1/3 the frequency at which 3/w? and
N2Sgpr intersect. As a rule of thumb, we say that the “loop
bandwidth” (= 2.5f,) is chosen equal to the intersection fre-
quency of the VCO phase noise and the amplified reference
phase noise.

In order to assess the accuracy of the foregoing derivations,
a linear phase model of a PLL has been simulated and the total
integrated phase noise at the output due to the reference and the
VCO computed. The loop bandwidth is then varied in a range
around the intersection frequency of N?Sggr and (3/w?. To
vary the loop bandwidth while maintaining a constant (, the
charge pump (CP) current, I p, and the main loop filter capacitor,
C1, are varied in opposite directions, i.e., in the form of yvIp and
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Fig. 5. Rise injitter as loop bandwidth deviates from intersection frequency of
amplified reference phase noise and VCO phase noise.

(' /. Fig. 5 plots the rise in the total output jitter as vy varies
from 0.4 to 3. For v = 1, the loop bandwidth is equal to the
intersection frequency. We observe that this choice indeed leads
to minimum total jitter at the output.

B. Deterministic Jitter

Periodic modulation of the oscillator control voltage due to
the charge pump (CP) nonidealities leads to reference sidebands
and hence deterministic jitter. Various techniques have been de-
veloped to suppress these sidebands in the context of RF syn-
thesizers, e.g., [7], and can be applied to wireline PLLs as well.
However, an issue that has recently manifested itself, namely,
the loop filter leakage current, demands investigation. This ef-
fect arises if the capacitors in the loop filter are realized as
thin-oxide MOSFETS: so as to save area.

Fig. 6 plots the simulated leakage for a 10 ym/0.5 pm device
with a gate dielectric thickness of 20 A in 45-nm technology.
(The source and drain are grounded). Note that the strong de-
pendence of the leakage current upon Vs makes its cancella-
tion difficult. Let us first consider the PLL in Fig. 7(a), where the
loop filter is of first order. The MOS capacitor leakage current,
I, discharges C'; while the charge pump is off. In the steady
stage, the PLL develops a static phase offset, A7T’, during which
the CP replenishes the charge drained by I [Fig. 7(b)]. When
the charge pump turns on, the Up current, /p, flows through
R, generating an instantaneous change of /p R1—a very large
value. Capacitor C; then charges for AT seconds. The ripple
remains unacceptably large in this case. We recognize that the
“self-droop” rate, I /C1, is independent of the MOS lateral di-
mensions and hence a constant of the technology (for a given
Ves). For example, I/Ch = 4.5 mV /ns at Vgg = 0.8 V in
45-nm technology.

In practice, a second capacitor is added to the loop filter so
as to absorb the unwanted CP injections [Fig. 8(a)]. Since C5
is typically 5-10 times smaller than C, we neglect the leakage
current of C5 and repeat the above analysis. Constructing the
equivalent circuit shown in Fig. 8(b), we observe that the av-
erage current produced by the CP is equal to I, thus creating
an average voltage of IR, across R;. The key point here is
that, if the CP turns on briefly and if the ripple on the con-
trol voltage is small, then R; carries a current approximately
equal to I most of the time. When the charge pump turns on, it
rapidly charges Cs. After the charge pump turns off, C is dis-
charged through R; by a current approximately equal to I. If
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Fig. 7. (a) Gate leakage in a PLL. (b) Resulting phase offset and ripple.

the phase offset is small, the peak-to-peak ripple amplitude is
equal to (Ig/Co)TREF-

In order to calculate the output jitter resulting from the above
phenomenon, we consider the detailed control voltage and
output phase shown in Fig. 9. The average value of V .y i
such that the ripple areas above and below it cancel. With a
small phase offset, the peak-to-peak variation of the phase is
given by

TreF/2 I
bmar ~ Kvco / 18 4y (19)
0 >
1 Ig (Trer )\’
~-Kvco— . 20
5 Kveo ( > > (20)
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Fig. 9. Phase modulation due to leakage.

For example, if Kyvco = 2 GHz/V, Ig/Cy = 5 X
45 mVms (C; = C1/5), and Trgr = 10 ns, then
¢max = 1.125 UL This very large value indicates that
leakage cancellation is necessary. A cancellation technique is
described in [8].

IV. CAscADED PLLs

With the large multiplication factors necessary to derive fre-
quencies in the range of 80—100 GHz from crystal oscillators,
one can consider a cascade of PLLs [9], [10] and determine
whether proper choice of their bandwidth yields less jitter than a
single PLL does. As shown below, cascading proves useful only
under certain conditions.

Fig. 10 depicts a cascade of two PLLs. We assume the fol-
lowing are given: frgr, N1 N2, the free-running phase noise of
VCO32(S), and the reference phase noise (Sgrer). We seek the
optimum choice of N, N, and the loop bandwidths of the two
PLLs, BW; and BW,.

The benefit of cascading becomes apparent if three scenarios
for VCO; and VCO,, are considered: 1) The phase noise profile
directly scales with frequency, So = NZS;. This occurs if the
oscillator ) remains relatively constant from f; to fo; 2) The
phase noise does not scale, Sy = Sy, i.e., the oscillator () scales
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Fig. 12. (a) Phase noise of first PLL. (b) Overall output phase noise.

linearly with frequency; 3) The phase noise of VCOy is higher
than N2 S;. We also follow the bandwidth choice prescribed by
(18). As a point of reference, Fig. 11 shows the output phase
noise of a single PLL operating at N1 No fReF.
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Fig. 12(a) illustrates the first scenario. Proper choice of BW;
yields the depicted phase noise profile at the output of PLL;.
This profile is amplified by a factor of N3 but negligibly fil-
tered by PLL,. To this we add the shaped noise of VCOo, ar-
riving at the overall output spectrum shown in Fig. 12(b).2 In the
single-PLL case of Fig. 11, the output phase noise consists of a
profile given by N2 N2 Sggr but limited to a bandwidth of BW
plus the shaped noise of the VCO. In the scenario of Fig. 12,
BWsy > BW,; and the overall output phase noise consists of
three components: (1) a profile given by N2Sggr and filtered
by BW71, (2) the shaped noise of VCO; amplified by a factor
of N2, and (3) the shaped noise of VCO., which is negligible.
Since S5 is assumed equal to N3 S7, we recognize that the sum
of the first two components is equal to the phase noise of the
single-PLL topology, concluding that cascading offers no phase
noise advantage (and consumes higher power) in this scenario.

Shown in Fig. 13 is the second scenario. Here, BW is chosen
according to the intersection of S; and N2 Sgrgr, and BW, ac-
cording to the intersection of .S and the amplified phase noise
of PLL;. We thus conclude that cascading offers no phase noise
advantage in this scenario, either.

The third scenario is depicted in Fig. 14, where both BW;
and BW; are chosen according to the intersection of V. 12 SREF
with S and Ss. The output phase noise of PLLL; is amplified by
a factor of N2 while experiencing little filtering by PLL5. The
relatively large bandwidth of PLL, greatly reduces the phase
noise of VCOs, thereby yielding the overall output phase noise
profile shown in Fig. 14(b). In comparison with the single PLL

2Note that BW, is chosen approximately equal to the intersection frequency
of N2Srger and S> so as to minimize the contribution of VCO,.
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case of Fig. 11, cascading saves an amount of phase noise given
by the shaded area in Fig. 14(b) [9].

It is helpful to quantify the phase noise advantage accrued in
the third scenario. To this end, we employ a more crude approxi-
mation of the phase noise profiles as shown in Fig. 15. Assuming
S1 = B/w? and Sy = M?3/w?, where M > N5, we compute
the areas under the two profiles. Note that the shaped phase noise
of VCOs is neglected so as to estimate the “best-case” improve-
ment. The area under S.,s. is given by

P2 = 4N12N225REFW1

casc

2L

where wj is obtained from 3/w? = N2 N3 Sgrgr. It follows that

2 2 =4\/BSrer N1 No(M — Ny).

sing ~ Fcasc

(22)
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V. PROPOSED TRANSMITTER ARCHITECTURE

Borrowing ideas from RF design, we propose a transmitter
architecture that relaxes two critical issues identified in the pre-
vious sections. Shown in Fig. 16, the architecture incorporates a
“half-rate” PLL to drive the MUX along with a frequency dou-
bler to clock the FF. The dummy MUX equalizes the loading
seen by the VCO outputs.

The advantages of this approach over the conventional
topology are as follows. 1) The twofold reduction in the PLL
speed greatly eases the design of the VCO and the feedback
frequency divider. For example, the first <2 stage may operate
robustly at 50 GHz with no inductors [5], thus simplifying the
layout and signal routing; 2) The architecture eliminates the
troublesome divider delay depicted in Fig. 1(a). Instead, the
doubler and MUX delays must match, a simpler task because
they have the same polarity.

The performance of the proposed architecture hinges upon
the doubler’s design. This circuit must provide sufficient swings
to the FF, preferably with no additional buffer or gain stages.

The proposed architecture (except for the PLL) has been de-
signed at the transistor level and simulated in 65-nm CMOS
technology for 80-Gb/s operation. Fig. 17 shows the MUX cir-
cuit. Class-AB clocking [11] and inductive peaking are utilized
to improve the speed. The inductor model contains a parasitic
capacitance and both series and parallel resistances to satisfy a
relatively wide band, with the () deliberately limited to about 5
at 80 GHz.

Depicted in Fig. 18, the doubler circuit is derived from the
low-voltage symmetric XOR in [12]. Note that, to generate a
differential output, I and I are mixed and so are ) and Q. While
typical doublers mix I and @ (and I and (Q), the XOR imple-
mentation of Fig. 18 produces larger output swings with the
former permutation of the inputs. The doubler raises the PLL
phase noise and sidebands by 6 dB.

An important concern here is that duty-cycle distortion in the
oscillator output displaces every other falling (or rising) edge
at the doubler output. More generally, asymmetries in the LO
waveforms and in the doubler produce a 40-GHz component in
the full-rate clock and hence systematic jitter in the FF output.
To alleviate this issue, the doubler inductive loads must suffi-
ciently attenuate the 40-GHz component. Simulations indicate
that, with an inductor ) of 10 at 80 GHz, this component re-
mains 40 dB below the 80-GHz waveform even with an ampli-
tude imbalance of 10% between I and I or with an amplitude
and phase imbalance of 10% and 10°, respectively, between [
and @. The resulting jitter is therefore negligible.

The retiming FF in Fig. 16 presents the greatest challenge in
the design as it must generate a “clean” eye while presenting a
small load capacitance to the MUX and the doubler. We intro-
duce a new circuit technique here that markedly improves the
speed of FFs. Illustrated in the latch shown in Fig. 19(a), the
idea is to add a feedforward path that impresses the input data

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on August 21, 2009 at 16:07 from IEEE Xplore. Restrictions apply.



1792 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 56, NO. 8, AUGUST 2009

MUX
D4 FF
[0, e
D,

L 80-GHz
................................ , I.: Differential
i Half-Rate PLL H } Clock
: ]

Quadrature | : o
; vco : o O
4 .| Dummy
| mux

Feedforward:
Path

Fig. 19. (a) Latch with all-pass feedforward, (b) latch with high-pass feedfor-
ward. (Transistor widths are in microns; L. = 60 nm, /; = 1 mA, and each

. . . . . . . clocked device carries an average current of 0.8 mA).
Fig. 17. MUX implementation. (Transistor widths are in microns; & )

L = 60 nm).

Amplitude (V)

Fig. 18. Doubler implementation. (Transistor widths are in microns;
L = 60 nm).

upon the output before the input differential pair turns on. How-
ever, the tail current of M5—Ms—which is comparable to that of
M;—Ms—TIimits the voltage headroom. The circuit is therefore
modified to the topology shown in Fig. 19(b). The feedforward
path now exhibits a high-pass response, still a desirable behavior
because the input components that we wish to feed forward lie
at high frequencies.

Fig. 20(a) and 20(b), respectively, shows the simulated eye
diagrams observed at the MUX and FF outputs at 80 Gb/s.
Note that no buffer is inserted in the data or clock paths. Also,
no effort is made to equalize the MUX and doubler delays. In (®)
these simulations, the FF is loaded by a differential pair having
8 um/0.06 pm transistors as a representative load.

Amplitude (V)

Time (ps)

Fig. 20. Eye diagrams at the output of: (a) MUX, and (b) retiming FF.
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Fig. 21. FF output eye diagram without feedforward.

To demonstrate the efficacy of the feedforward technique,
Fig. 21 depicts the FF output eye if M5 and Mg in Fig. 19(b) are
removed. The eye suffers a vertical closure of 20% even though
the FF presents less capacitance to the MUX.

VI. CONCLUSION

The design of PLLs for speeds approaching 80-100 GHz
must deal with reference phase noise amplification in addition
to the VCO phase noise. Also, the loop filter leakage leads to
enormous systematic jitter, calling for precise cancellation tech-
niques that can track the control voltage variations. The ref-
erence and VCO phase noise issues can be alleviated through
the use of cascaded PLLs only if a moderate-frequency VCO
with a very low phase noise can be realized in the first PLL.
A new transmitter architecture employing a half-rate PLL has
been demonstrated at 80 Gb/s in 65-nm CMOS technology.
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