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Abstract—This work proposes a new structure of 2 
interpolating multiphase ring oscillator with high 
oscillation frequency. By optimizing a partial output 4 
interchanging scheme and using diagonally interpolating 
technique, 7.5GHz design without phase overlap is 6 
achieved in Phase Lock Loop (PLL). The design 
demonstrates improvements in oscillation frequency and 8 
phases of even stage of differential ring oscillator. Hspice 
circuit simulation and analysis confirms validity of such 10 
structure. This result overcomes the current 6GHz 
frequency limitation of .18 um process, without using any 12 
inductance component to reduce chip area. 
 14 
Index Terms—multiphase ring oscillator, PLL, 
interpolating ring oscillator, high-speed clock recovery 16 
circuit 

I. INTRODUCTION 18 

P LL can be used as clock generator in high-speed clock 
recovery circuit [2], DVD writer [3], etc. In all the sub-circuits 20 
of PLL, ring oscillator plays an indispensable role. Its 
oscillation frequency, phase number, tuning range, linearity, 22 
jitter, all of them affect whole of the PLL circuit. Currently, 
with the evolution of process technology, the highest 24 
oscillation frequency achievable is a major bottleneck in high 
speed multiphase applications.  26 

Ring oscillator can be classified into three categories 
roughly. The first one is a single ended ring oscillator [4], 28 
which has good linearity and simple design. However, the 
highest oscillation frequency is inversely proportional to 30 
increasing number of stages and phases. A single ended ring 
oscillator can be realized in odd stages only and easily 32 
affected by chip manufactory process and signal noise. The 
second one is a LC ring oscillator [5]. Although it has higher 34 
oscillation frequency, it need more chip area to form 
inductances and has small tuning range. The third one is a 36 
differential ring oscillator [6]. It has better capabilities of 
anti-noise and gets more phases in the same oscillation 38 
frequency comparing to a single ended ring oscillator. It can 
reduce process error by Bulk-controlled Process Compensator 40 
(BPC). This work discusses many the third type of ring 

 
 

oscillator. In previous studies a two-stage differential ring 42 
oscillator [7] without interpolating scheme can realize any 
number of stages in ring oscillator. Oscillation frequency 44 
decreases with increasing number of stages. Another 
Eight-phase-output ring oscillator based on three-stage 46 
sub-feedback loops [8] which increases its oscillation 
frequency and doesn’t be decreased while the stage number 48 
increases. It uses differential ICO delay cell to decrease the 
noise from VDD and GND. It gets low oscillation frequency 50 
because it interchanges inferior part of outputs of 
sub-feedback loops. Another 5 9 array oscillator [9] decrease 52 
power dissipation by using PMOS cross-couple type with two 
sets of input terminals. Its oscillation frequency is dominated 54 
by the number of stage per row in series of differential 
amplifiers. Oscillation frequency decreases while the stage 56 
number increases. This design needs more chip area for more 
phases. The other twelve-phase coupled VCO [10] is 58 
composed of two coupled three-stage differential ring 
oscillators. The input NMOS transistors form the main 60 
oscillation path, and the PMOS transistors form the coupling 
path. The power consumption of such two coupled three-stage 62 
differential ring oscillators is lower compared with the 
conventional six-stage differential ring oscillator.  64 

All previous works have the same problem: oscillation 
frequency decreases while the stage number increases. This 66 
work proposes new structure to solve this problem. The 
proposed new structure: differential ring oscillator with even 68 
stages is presented in the following section.  

II.  APPROACHES 70 

 
 To design a ring oscillator with differential delay cells, 72 
imitating a ring oscillator with interpolating scheme 
composed of inverters is a typical approach. Some of previous 74 
works use multiphase ring oscillator based on three-stage 
sub-feedback loops. It interchanges all the sub-feedback loops, 76 
and even number parts of output stages in main ring to avoid 
their oscillation conditions conflicting with each other. Such 78 
schemes reduce phase between adjacent sub-feedback loops, 
so the size of main ring should be larger than sub-feedback 80 
loops to avoid phase overlapping. If ring oscillator has 
multiphase and high oscillation frequency, the last stage or 82 
odd number parts of output stages in main ring must 
interchange, so oscillation condition conflicts should be 84 
resolved.   
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Figure 1. (b) is (a) dotted line path of sub-feedback loops 2 

without interchanging node. 
 4 

To explain why the oscillation conditions have conflict , 
taking sixteen phases output ring oscillator with interpolating 6 
and cut set scheme for example as shown in Figure 1 and 
Figure 2. Ring oscillator in Figure 1 (a) and Figure 2 (a) 8 
interpolate at node P1 and all of their sub-feedback loops. 
They should get the same oscillation conditions. However, 10 
they get different results in numbers of interchanging parts. If 
ring oscillator produces uniform phases, every node should 12 
get the same oscillation condition. These phenomena don’t 
happen in every sub-feedback loop. To resolve conflicts, the 14 
paths of sub-feedback loops can get different number of 
interchanging nodes. In Figure 3, a diagonally interpolating 16 
scheme in ring oscillator has four paths needed changes, 
because they have even number of interchanging nodes. 18 

The interchanging output of sub-feedback loops, as shown 
in the dotted line in Figure 3, use the output interchanging 20 
scheme to unify the oscillation conditions. The relationships 
between interpolating scheme and interchanging node are 22 
show in Table 1. N means stages of main ring and k means 
stages of sub-feedback loops. 24 
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 26 
Figure 2. (b) is (a) dotted line path of sub-feedback loops with 

one interchanging node. 28 
 

  30 
Figure 3. N=8 k=5 differential ring oscillator with diagonally 

interpolating scheme 32 
 

To derive the relationship between oscillation frequency 34 
and phases, assuming its oscillation amplitude remains small 
and the waveform is sinusoidal-like, this work models the 36 

(a) 

(b) 
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signal path in the VCO with a first-order approximation [8] to 
confirm validity of such structure. Figure 4 shows a first-order 2 
approximation. gm, and Gm mean equivalent transduction of 
inverter in main ring, and equivalent transduction of inverter 4 
in sub-feedback loop, separately. 

 6 

N k interchanging 

8 2 7 

8 3 6 

8 4 5 

8 5 4 

8 6 3 

8 7 2 

8 8 1 

Table 1. N=8 the relationship between k and number of 
interchanging nodes 8 

 

10 
Figure 4. Combined single-stage equivalent circuit. 

 12 
The first-order approximation can be describe by equation 

(1). Define θ as the phase difference between two adjacent 14 
nodes in main ring without interpolating scheme. In 
calculation, θ is total phase shift divided by total stages, and 16 
total phase shift is composed of dc phase shift and 
frequency-dependent phase shift. (e.g., θ=6π/5, for N=5) ∅ is 18 
phase difference between node Xn and Xi+n-1. Thus, the transfer 
model of a single stage can be found as equation (1), assuming 20 
all stages are the same.[8] 

H jω  

					
∅ ∅

       (1)                        22 

 According to the Barkhausen criterion of oscillation , the 
ring oscillator would oscillate if the loop has unity voltage 24 
gain and phase shift of  2π or multiple of  2π. Although there 
may exist some possible modes for long-chain ring, only those 26 
modes with enough loop gain can sustain oscillation. From 
equation (1), the minimum required gain of each stage can be 28 
written as 
 1 cos ∅ sin ∅  30 

              		
∅
												                              (2) 

and the approximate oscillation frequency can be expressed 32 
as 

 34 
sin ∅ tan 1 cos ∅

 

 

	
tan 0 				                                         (3) 36 

 
													 sin 1 tan ∙ cos 1 		      (4) 38 
 
The first term of equation (3) is the oscillation frequency of 40 

a conventional ring oscillator. The second term corresponds to 
the frequency increment or decrement. Equation (3) actually 42 
overestimates the real oscillation frequency. However, this 
work is more interested in comparing the relative frequency 44 
improvement between different topologies using 		  rather 
than calculating the absolute oscillation frequency. 46 
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k phase frequency Amplitude m 

2 16 1.26G 1.32mV 6 

3 16 2.63G 1.26mV 6 

4 16 773M 1.6mV 6 

5 16 7.14G 400mV 6 

6 16 810M 1mV 6 

7 16 2.18G 1.5mV 6 
Table 3. N=8 Hspice simulation results in different k 60 
 
According to previous contents, in N=8 ring oscillator we 62 

can get θ as: 

θ  = 202.5゜ 64 

Because in new structure outputs of main ring and 
sub-feedback loops interchange in the same time, hand 66 
calculation of ∅	is complicated. Currently, we use the order of 
phase in Hspice simulation to get ∅. The results of estimates 68 
θ, ∅	 		 	are  shown in table 2, and the results of 
simulation show in table 3. m=6 means size of sub-feedback 70 
loops are six times larger than size of main ring. We find that 
two results match, and even increase oscillation frequency 72 
with using diagonally interpolating technique.  

 74 
This work :N=4, k=3 differential ring oscillator, as shown 

in figure 5-1. 76 

k θ ∅ k0 

3 202.5 135 0.4 

4 202.5 157.5 0 

5 202.5 90 1 

6 202.5 157.5 0 

7 202.5 135 0.4 
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Figure 5-1. Structure of N=4, k=3 2 

 
To  promote the frequency of my structure, I merge the 4 

output load with a main ring delay cell and an sub feedback 
loops delay cell, as shown in figure 5-2, 5-3. 6 

 

 8 
Figure 5-2. concept of merge the output load 

 10 

 
Figure 5-3. structure of merge the output load 12 

 

 14 
Table 4(a). N=4, k=3 the relationship between ratio of              

MN / (MN + Mk) and oscillation frequency 16 
 

 18 
Table 4(b). N=4, k=3 the relationship between power/freq of 

MN / (MN + Mk) and oscillation frequency 20 
 

Because we use partial output interchanging scheme to 22 
avoid oscillation conditions conflicting and increase the phase 
between adjacent sub-feedback loops, the size of 24 
sub-feedback loops can be slightly larger than the size of main 
ring without phase overlap. Table 4 describes this situation. In 26 
the same power consumption, the highest oscillation 
frequency means optimization. MN / (MN + Mk) is better to be 28 
designed in 25%~29%. MN is the size of main ring. Mk is the 
size of sub-feedback loops. 30 

 
Bulk−Controlled Process Compensator (BPC): 32 
By constructing a negative feedback loop from bulk of 
gate-biased PMOS and diode−connected PMOS, compensate 34 
both PMOS simultaneously, as shown in figure 5-4, 5-5. 

 36 

 
Figure 5-4. structure of BPC Compensator 38 

 
 40 



 5

 
Figure 5-5. simulation of BPC Compensator(I-V curve) 2 

 
  Figure 6 shows PLL structure of this work.  PLL is a 4 
negative feedback system that compares a feedback input 
phase with a reference input phase by Phase Frequency 6 
Detector (PFD), as shown in figure 7 and 8. Charge Pump (CP) 
and Common Mode Feedback (CMFB) transfer digital signal 8 
to analog signal, as shown in Figure 9 and 10, to control 
oscillation frequency of ring oscillator. Control Voltage 10 
Buffer (CVB) block control voltage and common mode 
feedback voltage, as shown in figure 11. Low Pass Filter (LPF) 12 
filter loop noise in PLL. Finally using divider to produce a 
feedback input signal to track a reference input signal until 14 
their phase difference is zero, as shown in figure12, 13. [7]  

Considering the optimization between power consumption 16 
and oscillation frequency, this work finally uses N=4 k=3 ring 
oscillator to realize the design. 18 
 

 20 
Figure 6. Structure of PLL  

 22 

 
Figure 7. Structure of PFD 24 

 

 26 
Figure 8. Structure of PFD-Half circuit 

 28 

 
Figure 9. Structure of CP with CMFB 30 

 

 32 
Figure 10. Structure of CMFB 

 34 

 
Figure 11. Structure of CVB 36 

 
 38 
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Figure 12. Structure of divider(divide by 3) 2 

 

 4 
Figure 13. Structure of divider(divide by 5) 

III.  SUMMARY 6 

 
7.5GHz and eight phases ring oscillator is achieved by 8 

optimizing a partial output interchanging scheme, using 
diagonally interpolating technique and using BPC scheme. All 10 
of specifications of this work perform in Table 6.  It has better 
frequency performance comparing to previous work without 12 
inductance components as shown in Table 5(a), 5(b). This 
result overcomes the current 6-GHz frequency limitation 14 
of .18 um process, without using any inductance components 
to reduce chip area. The critical simulation result perform in 16 
Figure 14~16(b). 
 18 

 
Table 5(a). summarizes ring oscillator design work published 20 

in IEEE in 2009~2015. 

 22 
*(year) means this work uses inductance 

 24 

 
Table 5(b). summarizes ring oscillator design work published 26 

in IEEE in 2009~2015 with comparison of phase number. 

 28 
*(year) means this work uses inductance 

 30 
Technology(nm)  180 

Supply Voltage 1.8 

Fref(MHz) 125 

Fout(MHz) 7500 

Divisor 60 

KVCO(MHz/V) 211 

Total Power(mW)  50 

Table 6. Specifications of this work 
 32 

 
Figure 14. KVCO of ring oscillator in 0.45V~1.35V in this 34 

work 
 36 
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Figure 15 eight output phase of ring oscillator in this work 2 

 
 4 

 
Figure 16(a) output signal (Vo) in PLL 6 

 

 8 
Figure 16(b) control voltage (Vc) in PLL 

 10 
FUTURE WORK 

This work emphasizes high oscillation frequency and 12 
multiphase of ring oscillator in PLL. It doesn’t discuss 
about lowest power dissipation, locking time, variation of 14 
temperature, variation of supply voltage, etc.  We could use 
different interpolating methods to solve previous problems 16 
in future. 

REFERENCES 18 

[1] L. DeVito, J. Newton, R. Croughwell, J. Bulzacchelli, and 
F. Benkley, “A 52 and 155 MHz clock-recovery PLL,” ISSCC 20 
Dig.  Tech.Papers, pp. 142-143, Feb. 1991. 
 22 

[2] R. Farjad-Rad, C. K. Yang, M. Horowitz, and T. H. Lee, 
“A 0.4 mm CMOS 10 Gb/s 4-PAM pre-emphasis serial link 24 
transmitter,”  Symp. VLSI Circuits Dig. Tech Papers, pp. 
198-199, Jun. 1998. 26 
 
[3] Y. Konno, K. Tomioka, Y. Aiba, K. Yamazoe, and B.-S. 28 
Song,“A CMOS 1×-to 16×-speed DVD write channel IC,” 
inIEEE ISSCC Dig. Tech. Papers, 2005, pp. 568–569. 30 
 
[4] F. Gardner, “Charge-pump phase-lock loops, ” IEEE Trans. 32 
Commun., vol.28, no. 11, pp. 18491858, Nov. 1980. 
 34 
[5] I. A. Young, J. K. Greason, K. L. Wong, “A PLL clock 
generator with 5 to 110 MHz of lock range for 36 
microprocessors, ” IEEE  J.Solid-State Circuits, vol. 27, no.11, 
pp.1599-1609, Nov. 1992. 38 
 
[6] S. Levantion, C. Samori, A. Bonfanti, S. L. J. Gierkink and 40 
A. L. Lacaita, V. Boccuzzi, “Frequency dependence on bias 
current  in 5-GHz CMOS VCOs; impact on tuning range and 42 
flicker noise upconversion, ” IEEE J. Solid-State Circuits, Vol. 
37, no. 8, pp.10003-1011, Aug. 2002. 44 
 
[7] Zhu-Xun, Yang “Low-Power 6-Gbit/S Spread Spectrum 46 
Clock Generator With Process Compensation Scheme, ” 
National Taipei University Electrical Engineering Mater 48 
Thesis,Feb. 2014.    
 50 
[8] L. Sun and T. Kwasniewski, “A 1.25-GHz 0.35 µm 
Monolithic CMOS PLL Based on a Multiphase Ring 52 
Oscillator,” IEEE J. Solid-State Circuits, vol. 36, no. 6, pp. 
910-916, June 2001. 54 
 
[9] J.-Y. Chang, C.-W. Fan, C.-F. Liang, and S.-I. Liu, "A 56 
Single-PLL UWB Frequency Synthesizer Using Multiphase 
Coupled Ring Oscillator and Current-Reused Multiplier," 58 
IEEE Trans. on Circuits and Systems II: Express Briefs, vol. 
56, no. 2, pp.107-111, Feb. 2009 60 
 

[10] B. Razavi, “Design of Integrated Circuits for Optical 62 
Communications,” Second ED., WILEY, 2012. 
 64 
[11] J. G. Maneatis, “Low-Jitter Process-Independent DLL 
and PLL Based on Self-Biased Techniques,” IEEE J. 66 
Solid-State Circuits, vol. 31, no. 11, pp. 1723–1732, 
November 1996. 68 
 
[12] J. G. Maneatis, J. Kim, I. McClatchie, J. Maxey, and M. 70 
Shankaradas, “Self-Biased, High-Bandwidth, Low-Jitter 
1-to-4096 Multiplier Clock-Generator PLL,” in IEEE Int. 72 
Solid-State Circuit Conf. Dig. Tech. Papers, 2003. 
 74 
[13] H. Morimura, S. Shigematsu, T. Shimamura, K. Machida, 
and H. Kyuragi, “A Pixel-Level Automatic Calibration Circuit 76 
Scheme for Capacitive Fingerprint Sensor LSIs,” IEEE J. 
Solid-State Circuits, vol. 37, no. 10, pp. 1300–1306, October 78 
2002. 



 8

[14] H.-H. Hsieh and L.-H. Lu, “A High-Performance CMOS 
Voltage-Controlled Oscillator for Ultra-Low-Voltage 2 
Operations,” IEEE Tran. on Microwave Theory and 
Techniques, vol. 55, no. 3 , pp. 467–473, March 2007. 4 

 
[15] T.-H. Lin and Y.-J. Lai, “An Agile VCO Frequency 6 
Calibration Technique for a 10-GHz CMOS,” IEEE J. 
Solid-State Circuits, vol. 42, no. 2, pp. 340–349, February 8 
2007. 

 10 
[16] R. Mohanavelu and P. Heydari, “A Novel 40-GHz 
Flip-Flop-Based Frequency Divider in 0.18-um CMOS,” in 12 
IEEE European Solid-State Circuits Conf. Tech. Papers, pp. 
185–188, 2005. 14 
 
[17] B. Razavi, “A Study of Injection Locking and Pulling in 16 
Oscillators,” IEEE J. Solid-State Circuits, vol. 39, no. 9 , pp. 
1415–1424, September 2004. 18 
 

[18] J. Kim and M. A. Horowitz, “Adaptive supply serial links 20 
with sub-1-V operation and per-pin clock recovery,” IEEE J. 
Solid-State Circuits, vol. 37, pp. 1403-1413, Nov. 2002. 22 
 
[19] Fu-Chien, Tsai “Interpolating Multiphase Phase Locked 24 
Loop, ” National Taipei University Electrical Engineering 
Mater Thesis, July 2009 . 26 
 
[20] S.-I. Liu and C.-Y. Yang , “A Phase Locking Loop,” 28 
Tsang Hai, 2006. 
 30 
[21] I.-A. Young, J.-K. Greason, J.-E. Smith, and K.-L.Wong, 
“A PLL Clock Generator with 5 to 110-MHz of Lock Range 32 
for Microprocessors,” in IEEE Int. Solid-State Circuit Conf. 
Dig. Tech. Papers, pp. 50-51, 1992. 34 
 
[22] Da-Kai, Chen “Spread Spectrum Clock Generator, ” 36 
National Taipei University Electrical Engineering Mater 
Thesis, Feb. 2016  (to be published) 38 
 
[23] C.-Y. Yang, C.-H. Chang, and W.-G. Wong, “A 40 
PLL-based spread-spectrum clock generator with a ditherless 
fractional topology,” IEEE Trans. Circuits Syst. I, Reg. Papers, 42 
vol. 56, no. 1, pp. 51–59, Jan. 2009 
 44 
[24] M.-Y. Kim, D. Shin, H. Chae, and C. Kim, “A low-jitter 
open-loop alldigital clock generator with two-cycle lock-time,” 46 
IEEE Trans. VLSI Syst., vol. 17, no. 10, pp. 1461–1469, Oct. 
2009. 48 
 
[25] E. J. Pankratz and E. Sánchez-Sinencio, “Multiloop 50 
high-power-supplyrejectionultiloop 
High-Power-Supply-Rejection Quadrature Ring Oscillator 52 
quadrature ring oscillator,” IEEE J. Solid-State Circuits, vol. 
47, no. 9, pp. 2033–2048, Sep. 2012. 54 
 

[26] C.-H. Lin, and H.-Y. Chang, “A low phase noise CMOS 56 
quadrature voltage controlled oscillator using a self-injection 

coupled technique,” IEEE Trans. Circuits Syst. II, Exp. Briefs, 58 
vol. 59, no. 10, pp. 623-627, Oct. 2012. 
[27] E. Ebrahimi and S. Naseh, “A Colpitts CMOS quadrature 60 
VCO using direct connection of substrates for coupling,” 
IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 21, 62 
no. 3, pp. 571–574, Mar. 2013. 
 64 
[28] D. K. Subin ,C. J. Choi, and J. J. Kim, “A Reconfigurable 
Multiphase LC-Ring Structure for Programmable Frequency 66 
Multiplication,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 
62, no. 1, pp. 51–55, Jan. 2015 68 
 
[29] C. Venerus and I. Galton, “A TDC-free mostly-digital 70 
FDC-PLL frequency synthesizer with a 2.8–3.5 GHz DCO,” 
IEEE J. Solid-State Circuits, vol. 50, no. 2, pp. 450–463, Feb. 72 
2015. 
 74 
[30] R. Mohanavelu and P. Heydari, “A Novel 40-GHz 
Flip-Flop-Based Frequency Divider in 0.18-um CMOS,” in 76 
IEEE European Solid-State Circuits Conf. Tech. Papers, pp. 
185–188, 2005. 78 
 
[31] Mohit Arora, “Clock Dividers Made Easy,” Design Flow 80 
and Reuse (CR&D) ST Microelectronics LtdPlot No. 2 & 3, 
Sector 16ANoida-201301, India 82 
 
[32] Yu-Sian Yang, “Optimization of Arbitrary Multi-phase 84 
VCO with Interpolation”,2015 
 86 


