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Design Techniques for a Multi-Phase Injection-
Based Eight-Phase 17-GHz Clock Generator
for Multi-Phase Wireline Receivers

Bob Zhou™, Graduate Student Member, IEEE, and Borivoje Nikoli¢"”, Fellow, IEEE

Abstract— Clock generation for high-speed wireline receivers
must provide multiple clock phases with high-resolution rotation.
To address this, an 8-phase 17 GHz clock generation circuit with
built-in 6b rotation is presented. Multi-phase injection is used to
perform reference-side phase rotation to efficiently generate and
rotate eight clock phases. The injection method is analyzed with
a model to study the introduced nonlinearity, and the effect of the
injection strength is discussed. Designed by using BAG3++ for
layout-aware design optimization, the proposed circuit achieves
98 fs RMS jitter and a measured DNLpp and INLpp of 1.26 and
4.05 LSB respectively, while consuming 33 mW.

Index Terms— Phase rotator, multi-phase clock generation,
injection locked ring oscillator, multi-phase injection, phase
interpolator.

I. INTRODUCTION

EXT-GENERATION AI workloads are performed using

highly interconnected computing systems for distributed
and resource-efficient computing. This interconnect network
creates a bottleneck for performance, driving the demand for
faster and more power-efficient high-speed wireline systems.
PCI-SIG continues to double the per-lane data rate every three
years (Fig. 1), with the latest PCIle Gen 7.0 standard aiming
for 256 Gb/s per pin [1]. Ethernet data rates double at a
similar rate, with the recent 2024 standard targeting 200 Gb/s,
doubling in less than 3 years [2].

To meet these requirements, long-reach wireline receivers
over 100 Gb/s predominantly use analog-to-digital converter-
based (ADC-based) frontends and digital or DSP-based
equalization. In recent publications, the successive-
approximation-register (SAR) ADC (Fig. 2) has been
the architecture of choice for its power and area efficiency in
advanced process nodes and for its ability to scale to higher
data rates due to multi-phase sampling or time-interleaving.
Multi-phase sampling has existed in wireline receivers for
decades in dual data rate (DDR) and quad data rate (QDR)
mixed-signal architectures. While most published >100 Gbps
receivers use a 4-way interleaved SAR ADC, newer receivers
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Fig. 2. Typical ADC-based wireline receiver for >100 Gbps PAM4. The

proposed clock generator would replace the RX clock path (blue box).

are pushing into 8-way interleaving [3], [4], [S], [6]. Recently
published receivers above 200 Gbps have employed 8-way
interleaving [7] and even 16-way interleaving [8], [9].

The receiver-side clock generation is burdened to produce
both high-frequency and multiple phases of clocks. These
generated clocks must also have extremely low jitter since
these receivers are used with high-loss channels where the
receiver eye is significantly degraded. At 112 Gbps PAM4,
the available unit interval (UI) is 17.8ps. To meet the Ethernet
standard of 6-sigma 0.05UI peak-to-peak (P2P) target, less
than 150 fs RMS jitter can be tolerated. Similarly, at 224 Gbps
PAMA4, less than 75 fs RMS jitter can be tolerated.

Finally, wireline receivers require a phase rotation mech-
anism to align the receiver sampling phase. Sampling phase
alignment must be performed on all the generated phases and
must have high resolution to compensate for the degraded
eye. Though the required phase resolution is implementation-
specific, the 0.05UI target can be borrowed from the jitter
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Fig. 3. (a) The typical clock generation system requires a PI to align each

generated phase. As the number of clock phases increases, this significantly
contributes to clock generation power. (b) An alternative approach is to apply
rotation on the reference side.

specification. For this, at least 50 steps are required, giving a
6-bit resolution minimum. These collective challenges make
clock generation an increasingly large part of the wireline
power budget.

A typical wireline receiver clock generation system is
shown in Fig. 3(a). A multi-phase clock generation (MPCG)
circuit, such as an injection-locked ring oscillator (ILRO) or a
phase-locked loop (PLL), is used to generate multiple phases.
Then, a phase interpolator (PI) rotates the clock phase for
sampling phase alignment. The number of PIs scales with
the number of sampling phases, greatly adding to the power
and area cost for these many-phase ADCs. To avoid this cost,
phase rotation must be performed on the reference side of the
MPCQG instead of the output side, as shown in Fig. 3(b). This
efficiently rotates all the generated phases at once.

In ILRO-based MPCGs, reference-side rotation can be
accomplished by using multi-phase injection (MPI). MPI
injects a single reference phase into one or more oscillator
nodes, as conceptually illustrated in Fig. 4. The core ring
oscillator has injectors in each stage. ph_ctrl is used to select
which node receives injection. Selecting a single node, e.g.,
node A or B, will align the injection signal with that node. This
efficiently rotates all the oscillator phases at once. MPI extends
this idea by injecting into two adjacent stages simultaneously,
e.g., nodes A and B. The injection signal will then align
somewhere between nodes A and B, achieving intermediate
steps beyond the number of nodes in the oscillator.

Prior work on MPI-based phase rotators has primarily
focused on time-modulated solutions, as shown in Fig. 4(a)
[10], [11]. These methods dither between nodes to achieve
the intermediate steps. Though this is hardware efficient,
it introduces undesired deterministic jitter. A static method
is preferred, where the explicit strengths of the injectors are
controlled, as in Fig. 4(b). Prior work on static methods has
achieved only 3 bits of resolution and also does not meet the
high frequency requirements of modern receivers [12].
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Fig. 4. Multi-phase injection-locked phase rotator concept. In this configu-
ration, the injection phase will lock between nodes A and B. In (a), a fixed
injector strength is used, and dithering is performed to achieve intermediate
lock. In (b), the explicit strength of the injectors is controlled up to the total
strength Imax.

This article presents an 8-phase 17 GHz clock genera-
tor with integrated 6b phase rotation in a 16 nm FinFET
process [13]. This clock generator performs reference-side
rotation using a static MPI technique to simultaneously and
efficiently rotate all generated phases, as in Fig. 4(b). A system
model is introduced to predict the static nonlinearity intro-
duced by MPI with good correlation with measured results.
The proposed clock generator layout is generated by using
the Berkeley Analog Generator (BAG), allowing for rapid
layout-aware design optimization in advanced process nodes.

This article is organized as follows. Section II describes the
proposed phase rotation mechanism and modeling methods.
Section III presents the circuit architecture and implementation
details of the critical blocks, including the core oscillator,
current DACs, and input and output buffers. Circuit generation
and design flow using BAG3++- are discussed in Section IV.
Finally, Section V summarizes the measurement results, and
Section VI concludes the work.

II. NONLINEARITY MODELING

The proposed static rotation method is shown in Fig. 4(b).
The core circuit is a ring oscillator with injectors in each stage.
Reference rotation is performed by changing which oscillator
node locks to the reference, rotating all the oscillator’s output
phases together. The circuit can phase-lock the reference with
node A by setting I, # 0 and [, = 0. Similarly, the circuit can
phase-lock the reference with node B by setting I, = 0 and
1, # 0. To achieve more steps than the number of nodes in the
oscillator, MPI is used to set I, # 0 and I, # 0, phase-locking
the reference between node A and B and giving us the desired
intermediate steps. The phase lock can then be progressively
shifted from node A to node B by gradually increasing I
while decreasing /. This same procedure can be repeated for
nodes B and C and so forth to achieve full rotation.
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Fig. 5. Development of the multi-phase injection model. (a) General oscillator
model. (b) Single-phase injection model. (c) Multi-phase injection model.

Theoretical analysis must be introduced to study the static
rotator phase integral non-linearity (INL) introduced by this
MPI scheme. Modeling methods for injection oscillators may
be categorized into frequency domain, phase domain, and
time domain models [14], [15]. Frequency or phasor domain
analysis is well suited to study the locking range and jitter
filtering of injection oscillators. Prior publications using these
methods have focused on injection using multiple phases
to extend locking range [16] rather than for phase rotation.
Phase domain analysis typically requires an impulse sensitivity
function, and so is less intuitive from a modeling perspective.

A time domain model was chosen for this study as it is
well-suited for ring oscillators and is intuitive for understand-
ing the phase interactions of each stage [17]. Prior modeling
efforts in MPI-based phase rotators has focused on time-
modulated methods [11]. As this work involves a static MPI
method, a new model is needed. The proposed model is shown
in Fig. 5. In this first-order case, only current sources and
capacitors are considered. Rise and fall times are ignored.

A. Derivation With One Injection Stage

Fig. 5(a) starts with a generic oscillator with no injectors.
A stage is defined as a current source charging a capacitor.
When the voltage on the capacitor in a given stage exceeds
a threshold value V;j, the subsequent stage’s current source
starts charging. This time from when a stage starts charging
until it triggers the next stage is the propagation delay ¢,.
Assuming a current source turns on at ¢+ = 0 and has a fixed
current Iy, t,, can be derived as follows.

It =1, (D
Ip
Ve(tp) = Vin =/0 I(é”)dt )
VinC
%=Z 3)

This injection stage adds an auxiliary current source triggered
by the external injection clock. The main current source is still
triggered by the previous oscillator delay stage. The single
current I; is now split between the main and the auxiliary
current sources, with a fraction K. K| may be controlled by
the circuit up to a maximum value Kpax. Assume the injector
will turn on at some time ¢ = t; and the main source at t = 0.
The injection stage can be modeled by the following equations.

(1—-Kpl; ift<ty

Ii(t) = 4
1) 1, 1> 1 4)
1 A=Kty ift <ty
Vi) = Vi = — . %)
C | Lt —Kitg) iftn >ty
t
S if 1 <ty
HnH=10-Ky) (6)
tp+Kitg it >ty

To determine the phase alignment between the oscillator
and the injection clock, the free-running oscillator period is
assumed to be the same as the injection period. Under injection
lock, the total combined delay contributed by all stages should
equal the injection clock period. To meet this requirement,
the injection stage must contribute the same delay as any
other non-injection stage, i.e., t| = f,,. For non-zero injection
(K1 > 0), this forces 7; = 0, meaning the injection clock phase
will align with the oscillator phase at + = 0, as expected from
a single-phase injection oscillator. This is illustrated in Fig. 6.

B. Derivation With Two Injection Stages

Fig. 5(c) introduces multi-phase injection to the model.
Two adjacent stages now contain injector current sources,
both triggered by the external injection clock. Each injection
stage’s current is split between the main and auxiliary source,
with independent fractions K; and K; up to a maximum
value Kpax. The main current sources are still triggered
internally by the respective previous stage of the oscillator.

To determine the phase alignment, assume the first stage’s
main current source turns on at ¢ = 0. The main current source
in the second stage turns on at ¢ = f1, triggered by the first
stage. The injector current sources in both stages will be turned
on at t = t4 by the external trigger. The first stage can still
be modeled by (6). The current in the second stage can be
modeled with the following equations.

0 ift <t,t <ty,
Kyl ifty <t <t,
L) = . (7N
(1—-Ky)l; iftp <t <ty,
1 ift>tH,t>1ty

It can be assumed that the second stage must finish charging
after the first stage finishes, so all the cases where 7, < t; are
extraneous. It can also be assumed that cases where f, < t; are
extraneous. Otherwise, the injectors do not affect either stage
triggering. Thus, all but the last case in (7) may be ignored,
yielding the equation for f;:

1
mm=m=gm—u—&m—mm. ®)
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Fig. 6. Timing diagrams for the single-phase injection model (Fig 5 (b)).
V1 denotes the voltage in the first stage, and V, denotes the voltage in
the second. The second stage charging is triggered when V| exceeds V;j
at time #. V} ,, denotes the contribution from the main current source in
the first stage, and Vj ; denotes the contribution from the injection source.
The blue X denotes when the injection source turns on. In (a), the injection
contribution aligns exactly with the main source, resulting in #; = p. (b) and
(c) show the injection contribution starting early and late respectively. These
cases both shift the timing of the next stage, changing the overall loop period.
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Fig. 7. Timing diagrams for the multi-phase injection model (Fig 5 (¢)). V7,
V5, and V3 denote the voltages in the first, second, and third stages. In this
example, equal injection is applied to both stages, i.e. K1 = K». Although
injection causes #1 to arrive after # = 1 x p, the combination of the effects
still causes the second stage to arrive at fp =2 X fp.

Recall that the free-running oscillator period is assumed
to be the same as the injection period. To maintain this, the
two adjacent injection stages should still contribute the same
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delay as any two non-injection stages. Therefore, 1, = 2t),.
Combining this postulate with (6) and (8) yields the equation
for t4:

K> — K
#tp if t1 <ty
K>, — K1K»p
tqg = K 9)
2 ift1 >1y

Ip
K1+ K>, — Ki1K»

Assuming K; > 0 and K> > 0, (9) contradicts (6) for
f1 < t4, making the case extraneous. This results in the final
equations.

1y = K> t (10)
TR+ KKK

Ki+K
fy = 1+ K2 (10

= [p
Ki+ Ky — K1 K>

Note that if K» = 0, then #; = 0 and #; = t,, meaning that
injection aligns exactly with the start of the first stage and the
first stage will contribute one stage delay. This matches the
case with a single injection stage. Conversely, if K; = 0, then
tq = tp, meaning that injection aligns exactly with the start of
the second stage.

Fig 8 demonstrates an example using this model. Fig 8(a)
presents example values for K| and K> over some discrete
codes, using the simple scheme where K linearly decreases
while K linearly increases. This causes the shift from aligning
to the first stage to aligning to the second stage. Fig 8(b)
shows the resulting injection phase from these K values. The
reference shows an exactly linear case where each code step
is equal. The results from the model show a clear deviation
from the reference line. Fig 8(c) shows the impact on the
first stage’s delay. Ideally, the stage always contributes the
unaffected propagation delay t,. However, this MPI method
does induce a static error.

C. Extension to the Full Oscillator

To derive the static phase rotation nonlinearity from this
method, the phase must be defined relative to a fixed reference,
in this case, the injection signal. The following equations
define the phase integral non-linearity (INL).

dln] = teln] — taln] (12)
mmm=% (13)
INLi[n] = ¢iln] — igearln] (14)

where k denotes the observed oscillator stage, the code n
defines K; and K5, N is the total number of codes, and
tper 1s the oscillator period.

tq and t; were derived in the previous section, and f, = 21,
was defined. Because the remaining stages have no injection,
t3 = 3tp, t4 = 4t), etc. These and the previously derived
equations hold while injection is applied to the first and second
stages. Once injection shifts fully off the first stage and all onto
the second stage, the new adjacent injection pair will be the
second and third stages (Fig. 9) and so on. Under these new
conditions, #; will appear unperturbed, i.e., #{ =1,. 10 and 11
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where i and i + 1 are the current injection pair. These can be
plugged into (14) to compute the induced phase error and INL.
Fig. 10 shows an example of this error for an 8-phase oscillator
with single-phase injection using the values from Fig. 8. The
units are given in propagation delays (¢,) and in degrees (°),
with the latter being agnostic to both the oscillator period and
the number of oscillator phases. The error in the first eight
codes notably has a different sign than the latter periodic
codes. During the first eight codes, MPI is applied to the
observed stage, so the effects of shifting 71 (as in Fig. 8(c)
appear. In the latter codes, we only see the effect from injection
phase lock (as in Fig. 8(b).

The proposed circuit is an 8-phase oscillator with differ-
ential injection and 64 rotation codes. Fig. 11 shows the
modeled static phase INL for this case. Additionally, the
INL is shown for multiple values of Kpax, the maximum
injection strength for K; and K,. The values for K; and
K> are similar to Fig. 8(a) where one linearly increases while
the other decreases. This shows that the worst-case phase
error is improved by a smaller Kyax. Therefore, for phase
resolution not to be limited by the phase error induced by MPI,
Kmax needs to be reduced. However, this will also shrink the
injection oscillator’s phase noise filtering bandwidth, increas-
ing jitter [18]. Thus, there is a trade-off between jitter and
resolution. This work uses a larger Kpax to meet the jitter
specification while maximizing power efficiency and achieving

injection phase. The results in degrees (right axis) are agnostic to both the
oscillator period and the number of oscillator phases.
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Fig. 11. MPI-induced phase error for an 8-phase oscillator with differential

injection. The error is also reported as INL, with a 6-bit LSB based the
proposed circuit. Results for varying values of Kmax show the impact of
Kmax on static phase error.

better than 6 bits of resolution. The exact value for Ky,ax was
chosen to yield simple ratios for device and current sizing,
easing layout effort.
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Fig. 12.  (a) Extended model of an 8-phase MPI oscillator with stage

mismatch introduced through capacitor variation. (b) Model results for
single-ended injection (c) Model results for differential injection.

D. Modeling Mismatch in Stage Delay

The discussion thus far has assumed no delay mismatch
between the oscillator stages. Delay mismatch can be intro-
duced by affecting the circuit parameters. Fig. 12(a) shows
an example of this by modifying the capacitor values in
an 8-phase oscillator. The prior derivation can be reused with
one major modification: a pair of stages can no longer be
assumed to contribute 2¢,,. This can be seen, for example, with
stages 2 and 3 in Fig. 12 (a). The more generalized postulate is
that the oscillator loop delay should be constant. In Fig. 12(a),
the loop delay is 8¢,, and the delay mismatch from stage 3 is
compensated for by stage 4.

The computed phase error for the single-ended case is
shown in Fig. 12(b) for varying values of mismatch. The
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DAC arrays. The current DAC code is set by the digital phase controller.

additional error is isolated to the stages with the mismatch.
Larger values of mismatch significantly impact the linearity,
even exceeding the error introduced by the proposed MPI
technique. Fig. 12(c) further shows the error for differential
injection with mismatch only in stages 3 and 4. The differential
natures causes the error from the first half of the codes to
repeat in the second half. The peak-to-peak error is less in
the differential case versus the single-ended. However, if the
same mismatch is also introduced into stages 7 and 8, the
peak-to-peak error is the same.

III. CIRCUIT IMPLEMENTATION

The complete implemented system is presented in Fig. 13.
The core system consists of the injection oscillator core, the
current DAC arrays, the replica input buffers, and the output
buffers. This section discusses these key circuit components.

A. Injection Oscillator Core

Fig. 14 shows the injection oscillator core. The main
oscillator is a 4-stage differential (8-phase) current-mode-logic
(CML) based ring oscillator. The current-mode design matches
the proposed model well, allowing the model to be used as the
reference for the design. It also more easily achieves the high
target frequency compared to a similar voltage-mode design.
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While using external clock muxing or flipping has been
proposed to provide the differential phase selection with
hardware reuse [19], this introduces an additional tuning knob
and may introduce spurs during dynamic operation. Therefore,
the differential selection is kept internal to the oscillator. The
internal selection allows for a single, smooth tuning knob for
phase selection at the cost of higher oscillator core power.

B. Oscillator Stage

The oscillator delay stage is shown in Fig. 15. Each delay
stage contains 5 NMOS differential pairs. The primary pair
(M1) is driven by the oscillator’s internal signal and is always
on. One pair (M2) is driven by the differential injection signal,
and another (M4) is driven by the injection signal with a
flipped polarity for injection polarity selection. These injection
pairs are never on at the same time. Additionally, each of these
injection pairs is complemented with another pair connected
to the oscillator’s internal signal (M3 & MS5). When a given
injector (e.g. M2) is turned off, the complement (M3) is turned
on, allowing each stage to maintain the same current regardless
of rotator code.

The resistive loads are implemented by using passive
precision resistors for ease of design, due to their con-
stant impedance over the operating range. While a Maneatis
cell [20] or similar loads can provide highly linear impedance
over the operating range, they do not significantly improve on
the area in this design and require an additional bias generation
circuit, including a biasing DAC.

Given the small set of available parameters - transistor
width, resistor size, and bias current - and impact of layout
parasitics, the design procedure for the oscillator core is fun-
damentally straightforward: sweep the resistor and transistor
sizes to meet frequency for a given bias, then find the bias
the yields the lowest jitter. Intuitively, for power efficiency,
this results in maximizing the transistor width to operate at a
low V*. In addition to better jitter filtering, the larger Kmax
provides a smaller ratio between injection device (M2, M4)
and oscillator device (M1). This smaller ratio helps reduce
the dynamic range of the device sizes, making the oscillator
core smaller overall and more efficient.

C. Current DAC Arrays

Each oscillator stage requires a current DAC array to
generate the five currents (I1-I5 in Fig. 15). Fig. 16 shows

lﬁ)jp coren[r?| M1 I_Corep[”] in]?'

Iﬁvncoren[ n]_| M3 |—C°’ep[n]

Oscillator Stage. M2 and M4 are driven by the injection signal, while M1, M3, and M5 are driven by the oscillator internal signal.

Gt 1 12 13 14 I5
Reference

:

Fig. 16. Current DAC bank for a single stage. I1 is always on. As unit cells
for 12 are turned off, I3 unit cells are turned on to maintain constant total
current. 12 and I4 are never on at the same time.

_@

A

AN
AN
AN

ST ST

e”—E ﬁl e”—E ™
el

T T

T

"'_.L

the structure of such an array. The unit cells in the DACs
feature stacked transistors to achieve lower current per unit
cell, allowing the DAC to achieve high current resolution.
The enable gates for Il are tied high to keep them always
on. As unit cells for 12 are turned off, I3 unit cells are turned
on to maintain a constant total current. 14 and IS are produced
with arrays identical to 12 and I3 respectively.

The injection strength is set by the current ratio between
the NMOS pairs driven by injection and the pairs driven by
the oscillator’s signal up to a maximum injection ratio Kpx.
In this design, each current DAC (12, I3, 14, and I5) has
8 unit cells for injection control. The always-on DAC (I1)
has 16 unit cells. To perform MPI, the injection into one stage
linearly decreases while the injection in the next stage linearly
increases, similar to the method shown in Fig. 8(a).

D. Inputs and Output Buffers

Fig. 17 shows the input buffer system. A 2-stage replica
buffer is included before the oscillator core to condition the
injection signal to look like the oscillator’s CML signal. Each
buffer stage is sized the same as the oscillator core and
consumes current from a similar always-on current DAC.
In simulation, compared to using only an AC-coupling input
stage, adding two stages of replica buffer improves the INL
by 3 or more degrees (equivalent to 0.5 LSB or more for
this 6b design), depending on the amplitude of the reference
signal. The trade-off is additional power and a slight increase
in random jitter due to the noise of the additional buffer stages.
At the input to the replica buffer is a high-pass filter for level
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Fig. 18. CML2CMOS buffers and resistor implementation.

shifting the injection signal. The high-pass filter is biased by
using a replica bias.

Following the oscillator core are CML2CMOS buffers for
bringing the low CML swing back to full CMOS swing,
mirroring a real environment where the generated clocks will
be distributed or further conditioned, e.g., with duty cycle
correction or fine delay correction. The CML2CMOS buffers
are AC-coupled self-biased inverter amplifiers (Fig. 18) and
are preferred for their low power. The capacitors are imple-
mented by using passive metal-on-metal (MOM) capacitors,
and the resistors are implemented as stacked transistors for
compactness.

Simulation results for the complete system, including the
replica input buffers and CML2CMOS output buffers, are
shown in Fig. 19. The expected INL from the model is
also shown. The simulation shows a good correlation with
the model. Deviation from the model is attributed to layout
asymmetries, as highlighted in Fig. 20.

E. Auxiliary Circuits

Due to packaging limitations, only two phases are observ-
able from the chip. An 8:2 clock mux is included after the
CML2CMOS buffers to support this. This mux consists of
2 stages of passgate-based muxes with inverter buffers. Finally,
the selected clocks are buffered and fed to a CML clock driver
to go off-chip. For testing, a digital controller is included
to enable or disable injection, statically set the phase code,
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Fig. 20. Layout of the oscillator core. The indices of each differential stage
and the routing order are labeled. The routing differences, e.g., between the
route from stage O to 1 and the route from stage 1 to 2, contributed to
discrepancies between the modeled INL and realized circuit’s INL.

or enable a continuously incrementing phase code using an
external clock.

IV. CIRCUIT GENERATION

Analog and mixed-signal (AMS) circuit designers face
challenges with design iterations in advanced process nodes
due to higher sensitivity to parasitics and increasingly complex
design rules. Circuit generators address this issue by codifying
a designer’s intent for how a circuit is sized and laid out, reduc-
ing iteration time between schematic and layout. The generator
consumes technology-specific parameters and designer-given
specifications to produce a DRC- and LVS-clean layout and
schematic. The Berkeley Analog Generator (BAG) performs
this using an open-source Python framework for script-
ing circuit generation, simulation management, and design
optimization [21], [22], [23].

The AMS components of this proposed clock generator are
all designed in BAG3++, the latest version of BAG. The BAG-
generated blocks and associated layout generators are shown
in Fig. 21. Each layout generator builds upon an appropriate
XBase layout template: MOSBase for dense transistor layouts,
ResArrayBase for tiling resistors, and TemplateBase for assem-
bling subblock [22], [24]. The generator code then specifies
how the base transistor or resistor grid is drawn, where specific
devices are placed (e.g., for matching or interleaving), and how
the circuit is routed. Finally, a schematic is produced by using
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Fig. 22. Typical BAG design flow.

a schematic circuit generator and schematic parameters pro-
duced by the layout generator. The technology-agnostic layout
generators have been released under open-source licenses [25].

A typical generator design flow involves decomposing input
specifications to block-level parameters then co-iterating on
subblocks and integration to meet the specifications (Fig. 22).
This has been exemplified in prior work [23], [26], [27].
As the key circuit here - the oscillator core - has relatively
few parameters (resistor and transistor size), a specification
decomposition is not required. Instead, a relatively simple
design loop was used for sizing the core: given a target bias
current, sweep the resistor parameters and find the transistor
size to meet the frequency. Then, given the found design space,
return the design with the lowest jitter. The replica buffer and
bias circuits are then sized to match the core circuit. Note that
the injection strength Kpax is an architectural parameter and
so it and the associated INL performance are not included in
the design loop. Using this generator-based flow provides tape-
out-ready layouts from simple sizing changes. This allows for
real parasitics to be accounted for at design time, which is
critical to high-frequency design.

Once realized, the generated oscillator core layout is com-
bined in BAG with the current DACs and buffers along with
additional test circuits, namely the clock receiver and output
clock mux. It is then manually integrated with other top-level
components, including the digital controller (implemented

550um

A

775um

Fig. 23.

Die micrograph with details of the implemented layout.

using automatic place-and-route), top-level routing and power
grid, ESD, and IO buffers.

V. MEASUREMENTS

The proposed design was fabricated in the Intel 16 pro-
cess [28], targeting a clock frequency of 17 GHz. The analog
core area is 55 pum x 30 um, and the digital core is
55 um x 20 pm. For comparison, to achieve the same func-
tionality with CMOS phase interpolators requires an analog
core area of 53 um x 60 um. This proposed architecture
presents a 50% analog area reduction. The measured analog
power consumption, including the oscillator core, rotator, and
input and output buffers, is 33 mW from a 1.2V supply.

The measurement setup is shown in Fig. 24. The chip
is flip-chip packaged with a custom organic interposer and
then soldered to a Rogers 4350B test board. A Keysight
E8257D clock signal source is used as a clock reference. This
clock is first split through a power divider. One output of
the power divider goes to a high-frequency balun, generating
the differential reference clock, and to the chip through DC
blocks. The chip output comes out through DC blocks to
either a Keysight N9O10A spectrum analyzer for spectrum and
phase noise measurements, or to a Keysight NI000A DCA-X
sampling scope for clock phase and linearity measurements.
The second output of the power divider also goes to the
sampling scope as a reference. DC power to the chip is
controlled using I*?C to LDOs on a power-conditioning board.
Current references for the oscillator’s current DACs come from
benchtop SMUs.

Fig. 25 shows the measured output frequency versus the
reference injection frequency under injection lock. The oscil-
lator exhibits a wide locking range due to the selected high
Kmax- While 17 GHz is not the exact center frequency of the
injection range, it still yields the best linearity results in the
subsequent measurements.

Fig. 26(a) shows the MPCG phase-to-phase (0°-45°) error.
At a fixed rotator code, the 8-phase error was measured to
be under 17 degrees (°) peak-to-peak across all phases. The
source of this large error is only partly attributable to random
process variation, since Monte Carlo simulations reported a
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phase error standard deviation of less than 1°. Fig. 26(b) shows
the measured phase noise spectrum. The phase noise at 1| MHz
offset frequency is -119.6 dBc/Hz. The measured integrated
RMS jitter from 10KHz to 1GHz is 98 fs. The jitter varies by
less than 3 fs over the rotator codes. This is expected since
the current into each stage is constant across all codes.

INL was measured for each of the 8 output phases. The
best and worst curves are shown in Fig. 27. Generally, the
INL curve contains the expected systematic behavior from
modeling. However, the size of the error peaks exceeds
expectations by approximately a factor of 2. The errors are
primarily attributed the MPCG phase-to-phase errors from
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mismatch-free modeled INL.

Fig. 26(a), following the mismatch model results in Fig. 28.
The mismatch model results also suggest that the differential
injection may not be working correctly. Additional errors may
be attributed uncaptured top-level layout parasitics. Fig. 29
summarizes the DNLpp and INLpp for all outputs. For this
6b design, the worst static DNLpp and INLpp are 1.26 LSB
and 4.05 LSB respectively. The considerable variation in
linearity between outputs suggests some other systematic
physical issue.

Dynamic performance was measured by observing the out-
put spectrum while incrementing the rotator phase code. The
code incrementation was controlled by the digital controller
and clocked up to 48 MHz. The largest spur varies between
—27.4 and —28.8 dBc at +/— 0.75 MHz offset, depending
on the selected output phase. Fig. 30(a) shows this measured
spectrum and highlights the largest spurs. These large spurs
correlate with the discrete Fourier transform (DFT) of the INL
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON
PR-based PI-based
Metric This Work O’Mabhony [10] Hossain [12] Huang [29] Wang [30] Chen [31]
Architecture MPI-ILO-PR MPI-ILO-PR MPI-ILO-PR MPI-ILO-PR MPI-ILO + PI QLL + PI
Process Intel 16 [28] 45nm 65nm 16nm 65nm Tnm
Freq [GHz] 17 4.05 3.7 7 7 16
Number of Phases 8 8 2 8 2 2
Jitter [fs RMS] 98 1700 1400 254 84 80
Number of Bits 6 7 7 8 7 7
Resolution [ps] 0.92 1.93 2.11 0.56 1.12 0.49
INLpp [LSB] 4.05 2.20P -2 1.14 1.72 1.74
DNLpp [LSB] 1.26 0.70P 0.90P 1.31 1.13 0.87
Supply [V] 1.2 1 1 1.2 1.2 1.2
Power [mW] 33.6 14.3 44 11.4 22.95¢ 22.4
PLL FOM -244.9 -223.8 -230.6 -241.3 -247.9 -248.4
MPCG FOM -266.2 -238.9 -239.3 -258.8 -259.4 -263.5
aNot reported.  PEstimated from charts. ~ “Includes MPCG and PI.
FOMpr = 10log;  ((Jittergms)? (525 ))
FOMyipcg = 10logy o ((Jitterrms)* (527 FrquuI::cy N Prases)
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Fig. 28. Modeled INL including the MPCG phase error from Fig 26(a),
for both single-ended and differential injection. The single-ended case bears
correlation with the performance in Fig 27.
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Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on August 26,2025 at 19:04:41 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Table I compares the performance of the proposed cir-
cuit with other multi-phase clock generators. Ref. [10],
[12], [29] demonstrate similar phase rotator-based techniques,
while [30], [31] demonstrate PI-based techniques. Compared
to prior phase rotator-based work, this work demonstrates the
best jitter (PLL) FOM and multi-phase generation efficiency
(MPCG FOM) while demonstrating high resolution rotation.
Compared to the Pl-based work, this work presents compa-
rable jitter performance and phase resolution. By performing
simultaneous rotation, it achieves better MPCG multi-phase
generation efficiency.

VI. CONCLUSION

This paper describes the design techniques for a high
frequency (>16 GHz) multi-phase clock generator with effi-
cient built-in phase rotation. Multi-phase injection is used
to perform high-resolution reference-side rotation, efficiently
rotating all generated phases. A detailed model demonstrates
the impact of injection strength on the static nonlinearity.
The circuits in this work were generated using BAG3++,
allowing for layout-aware design iteration and optimization.
This phase rotator technique achieves better MCPG efficiency
than PI-based techniques at comparable frequencies. By using
a static injection method, the proposed technique also sig-
nificantly improves jitter over prior phase rotators. Future
work on this rotator method may investigate techniques for
frequency locking using a quadrature phase detector (QPD)
and implementation using a fully CMOS architecture.
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