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Abstract—A high frequency multi-phase clock generator cir-
cuit with a 6b phase rotator is presented for multi-phase wireline
receivers. Multi-phase injection is used to efficiently penerate and
rotate 8§ clock phases. Unlike prior rotator-based work, this work
does not use time modulation, reducing the resulting determindstic
jJitter A model ks presented to study the nonlinearity introduced
by the technique. The proposed 17 GHz circuit was implemented
in the Intel 16 process and consumes 33 mW. The measured RMS
Jitter is 98 fs, and the measured DNLpp and INLpp are 1.26 and

4.05 LSB mespectively.

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

I. INTRODUCTION

Next-generation hyperscale computers rely on intercon-
nected systems that require significant boosts in datacenter
network bandwidth. This is driving a demand for faster high-
speed wireline systems. Multi-phase sampling has become the
dominant technique for achieving high throughput in wireline
receivers by maintaining the per-lane data rate and interleaving
multiple lanes. Recently published receivers have used 8 or
more clock phases. These multi-phase receivers are highly
sensitive to clock jitter as they are used with high-loss channels
where the receiver eye is significantly degraded. Sampling
phase alignment must be performed on all the generated phases
and must have high resolution to compensate for the degraded
eye. These collective challenges make clock generation an
increasingly large part of the wireline power budget.

Typically, receiver sampling phase alignment is accom-
plished by using a multi-phase clock generation (MPCG)
circuit, such as an injection-locked ring oscillator (ILRO) or
a phase-locked loop (PLL), followed by a phase interpolator
(PI) to rotate the clock phase. Each additional sampling phase
necessitates an additional PI, adding to the power and area
cost. To avoid this cost, phase rotation must be performed on
the reference side of the MPCG instead of the output side.
This efficiently rotates all the generated phases at once.

In ILRO-based MPCGs, multi-phase injection (MPI) can be
used to accomplish this. Prior MPI implementations cascade
multiple MPCGs and inject all generated phases from one
stage into the next, improving MPCG phase alignment and
jitter filtering [1]. In this work, MPI is used to inject a single
reference phase into multiple oscillator phases at once.
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Fig. 1. Multi-phase injection-locked phase rotator concept The core and
injection drivers ane labeled with their drive steength Injection can be enabled
for any adjacent pair of nodes. In this configuration, the injection phase will
lock between nodes A and B.
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II. PROPOSED ARCHITECTURE

Fig. | shows the proposed concept. The core circuit is a
ring oscillator with injectors in each stage. MPI is used to
inject into two adjacent stages simultaneously, e.g. nodes A
and B. When the injection strength Jc is at its maximum value
Ij, injection will be phase-locked to node A. As Ic decreases,
the phase lock will progressively shift from node A to node B.
This culminates in phase-locking to node B when Ic reaches
0. The same procedure can then be repeated with nodes B and
C and so forth to achieve full rotation. Rotating the lock phase
will rotate all the ring oscillator’s output phases together.

Prior work in this area has not fully explored the possible
resolution [2] or has focused on time-modulated solutions [3]
[4], which introduce undesired deterministic jitter. A high-
resolution static, ie., not time-modulated, solution has not
been explored. In this work, the core oscillator has 8 phases,
and the injection strength between two stages is varied in 8
steps, resulting in 64 total steps or 6-bit resolution.

A. Modeling

To study the static rotator phase integral non-linearity (INL)
introduced by this MPI scheme, a model is presented in Fig. 2.
Each injection stage is treated as a phase interpolator between
the oscillator clock and the injection clock, while the non-
injection stages are treated as typical delay stages. The free
running oscillator frequency is assumed to be the same as
the injection frequency. Under injection lock, the total period
contributed by all stages should equal the injection clock
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Fig. 2. (a) General oscillator model. Each stage contributes one stage delay
(b) Single-phase injection model. (o) Multi-phase injection model.

period. When injecting solely into one stage (Fig. 2b), ie.,
no MPIL, the injection stage should contribute the same delay
as any other non-injection stage, resulting in no static phase
error. When injecting into two adjacent stages (Fig. 2c), the
pair together should still contribute the same delay as two
non-injection stages. Thus, under injection lock, the injection
phase relative to the oscillator can be found by solving for the
injection phase that yields the comect stage delay.

The resulting static phase INL from this model is shown in
Fig. 3 for a 6b case. The worst-case phase error is improved
by reducing the maximum injection ratio, Kma. However,
reducing Kpygy also shrinks the phase noise filtering bandwidth,
increasing jitter [7]. Thus, there is a trade-off between jitter
and resolution. Our target power and jitter specification are
met with less than 7 bits of expected resolution.

III. CirCcuUIT IMPLEMENTATION

The implemented circuit is presented in Fig. 4. At the core
is a 4-stage differential CML-based ILRO. Each delay stage
contains 5 NMOS differential pairs, as shown in Fig. 5. The
primary pair (I1) is driven by the oscillator’s intemal signal
and is always on. One pair (12} is driven by the differential
injection signal, and another (14) is driven by the injection
signal with a flipped polarity. Each of these injection pairs is
complemented with another pair connected to the oscillator’s
intermal signal (I3 & I5). When a given injector (e.g. 12) is
turned off, the completed (I13) is tumed on, allowing each stage
to maintain the same current regardless of rotator code.

The injection ratio is set by the current ratio between the
pairs driven by injection and the pairs driven by the oscillator’s
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Fig. 3. Modeled phase emor or INL for varying values of Kmax. INL LSB is
for a 6b case.
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Fig. 4. Implemented phase rotator system architecture.

signal up to a maximum injection ratio Kpg. Digitally-
controlled current DACs are used to individually control the
current for each NMOS pair based on the rotator code. In this
design, each current DAC has 8 steps of injection control. To
perform MPL, the injection into one stage linearly decreases
while the injection in the next stage linearly increases.

Before the oscillator core, replica buffers and replica bias
are used to condition the input reference signal. Following the
oscillator core are CML2CMOS buffers. For testing, an 8:2
clock mux is included after the CML2CMOS buffers, followed
by auxiliary output buffers . A digital controller is included
to set the curment DAC bits. Simulation results are shown in
Fig. 6 for the complete system excluding the #:2 mux and
output buffers. Deviation from the model is attributed to layout
assymmelries.

IV. MEASUREMENTS

The proposed design was fabricated in the Intel 16 process
[8], targeting a clock frequency of 17 GHz. The analog core
area is 55 pm x 30 pm, and the digital core is 55 pm x
20 pm. For comparison, accomplishing the same functionality
by using CMOS phase interpolators requires an analog come
area of 53 pm x 60 pm. This proposed architecture presents
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Fig. 6. INL comparison between model and extracied circuit simulation.

Fig. 7. Die micrograph.

a 50% analog area reduction. The measured analog power
consumption, including the oscillator core, rotator, and input
and output buffers, is 33 mW at 1.2V supply.

Fig. & shows the MPCG performance. At a fixed rotator
code, the 8-phase error is measured to be under 17 degrees
peak-to-peak across all phases. The phase noise at 1 MHz
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Fig. 8. (a) Measured MPCG error and (b) phase noise spectrum.

offset frequency is -119.6 dBc/Hz. The measured integrated
EMS jitter from 10KHz to 1GHz is 98 fs. Jitter is mot
significantly impacted by rotator code and varies by less than 3
fs. 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. 9. Generally, the INL curve
contains the expected systematic behavior from modeling.
However, the size of the ermmor peaks exceeds expectations
by approximately a factor of 2, with additional deviations
coming from MPCG error. Fig. 10 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.
Dynamic performance was measured by observing the output
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. This comelates with the FFT of the
INL. The integrated fractional spur is -24.0 dBc.
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V. CONCLUSIONS

This paper presented a technique for efficient multi-phase
clock generation and rotation. Multi-phase injection was used
to perform high-resolution rotation, and a model was presented
to determine the introduced nomlinearity. This phase rotator
technique achieves better MCPG efficiency than Pl-based tech-
nigues at comparable frequencies. By using a static injection
method, the proposed techmique also significantly improves
jitter over prior phase rotators. The circuits in this work were
generated using BAG3++, and the generator code is released
under open-source licenses [9].

ACKNOWLEDGMENTS

The authors would like to thank the BWRC member compa-
nies, students, staff, and faculty for their support. This research
was, in part, funded by the DARPA I-TERA program. The
authors acknowledge the Intel University Shuttle Program for
donation of test chip fabrication.

REFERENCES

[1] Z. Wang, et. al., "1 1.4 A High-Accuracy Multi-Phase Injection-Locked
#-Fhase TGHe Clock Generator in 65nm with Th Phase Interpolators for
High-Speed Data Links" ISSCC, 2021.

[2] M. Hossain and A. Chan Carusone, "7.4 Gbh/s 6.8 mW Source Syn-
Fig. 10, (a2} Measured DNLpp and (b) INLpp for all clock outputs. chronous Receiver in 65 nm CMOS," IS5C, 2011
[3] E O'Mahony, et. al., "A programmable phase rotator based on time-
madulated injection-locking,” VLS, 2010,
[4] Y. E Zhang, J. Liang and T. C. Camsone, "Design Considerations for
Time-Modulated Injection-Locked Phase Interpolators and Rotators,”
a . ISCAS, 2023,

Table I compares the performance of the proposed circuit o Ve ™y 0 2 B 1. Chen, 307 An 8b Injection-Locked Phase
with other multi-phase clock generators. Ref. [2] [3] and [5] Rotator with Dynamic Multiphase Injection for 28/56/112Ghs Serdes
demonstrate similar phase rotator-based techniques, while [1] Application.” ISSCC, 2019.

. 2 [6] 5. Chen et al., "A 4-to- 16GHz inverier-based injection-locked gquadrature
and [6] demonstrate Pl-based techniques. Compared to prior clock generator with phase interpalators for bt standard 105 in Tam
phase rotator-based work, this work demonstrates the best jitter FinFET" 1SSCC, 2018
(PLL) FOM and multi-phase generation efficiency (MPCG  [7] B. Rmavi, "A study of injection locking and pulling in oscillators”

. . - - - JS5C, vol. 39, no. 9, pp. 1415-1424, Sept. 2004.
FOM) while de.mcmstranug high resolution rotation. EDITIpIi?.l'Ed [8] Q. Yo ct al, “mmWave and sub-THz Technology Development in Intcl
to the Pl-based “‘Ul'l:, this work presents ﬁ'.'ll'l'l.pﬁ]'ﬁb]ﬂ Jutter 22nm FinFET {22FFL) Process.” [EDM, 2020,
performance and phase resolution. By performing simultane- [9) BAG ILROPR.  [Onmlinc].  Available:  hitps/github comiuch-
ous rotation, it achieves better MPCG multi-phase generation art’bag_ilrope
efficiency.
632

Authorized licensed use limited fo: Univ of Calif Berkeley. Downloaded on August 26,2025 at 18:11:06 UTC from |IEEE Xplore. Restrictions apply.




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20140918080338
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     675
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 12.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170126085122
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     12.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 5.40 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     5.4000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 3.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170330081459
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     3.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 3.60 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     3.6000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 18.00 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20160112132206
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     18.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Up
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

 HistoryList_V1
 qi2base



