0.18μm CMOS 6GHz Pseudo Non-overlapping Clock Generator
using High-speed Dividers
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Abstract: - A parallel-serial converter must perform interleaving to achieve a 3Gbit/s (3Gbps) serial interface by using 0.18μm CMOS technology. In this paper, we propose three pseudo non-overlapping clock generators that use a high-speed 2:1 divider and operational frequencies of 1.89GHz to 3.23GHz, 2.27GHz to 4.76GHz, and 4.76GHz to 6.13GHz with a 1.8V power supply. Phase Noise calculated from the power spectrum was −147.0 dBc/Hz, −160.6 dBc/Hz, and −159.3dBc/Hz at 1MHz offset, and power consumption was 3.6mW, 3.2mW, and 5.0mW
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1   Introduction
In recent years, ATA interfaces have been adopted for almost every internal hard disk excluding some servers and workstations. The rapid increase in recording density has been accompanied by the problem of speeding up the interface as hard disk capacity becomes larger. The Serial ATA standard was developed to guarantee speeding up the interface for ten years in the future, by replacing the conventional parallel interface with a high-speed single cable serial interface.

     Serial ATA defines a roadmap starting at 1.5Gbit/s (190MByte/s) in the first generation and migrating to 3Gbit/s (380MByte/s) in the second generation, then to 6Gbit/s (750MByte/s) in the third generation.

     Though it is easy to achieve when the latest process is used, this research seeks to realize a second-generation (3.0Gbit/s) circuit by using 0.18μm CMOS, which is near the speed limit of the device. It enables developing a transmitter and receiver circuit of Serial ATA.

     Figure 1 shows the block diagram of the Serial ATA transmitter. An internal parallel-serial converter should operate at the same frequency to obtain an output of 3Gbit/s, but it is difficult to achieve in this process. However, two interleaved parallel-serial converters have only to process data at a 1.5Gbit/s rate.
     To decrease glitch noise of the output signal, the two converters should not be turned on, simultaneously. However, it is difficult to control the timing of the clock by logic with a clock frequency near the operating limit of the process.
     This paper therefore utilizes an improved divider that exceeds 10GHz [1]-[5] to divide the output of a VCO operating at 6GHz (Fig. 1). It also proposes a circuit that generates a pseudo non-overlapping clock directly. Three high-speed dividers are proposed in section 2. Layouts of the proposed circuits are shown in section 3. Section 4 describes Phase Noise and shows simulation results of each divider. Section 5 concludes with a summary of the paper.
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Fig. 1  Serial ATA Block Diagram

2   High-speed Divider

At a clock frequency near the operating limit of the process, it is difficult to control the timing of the clock by logic circuitry. In this chapter, we propose a circuit that divides oscillator’s output and generates a pseudo non-overlapping clock directly. Moreover, it was possible to suppress the influence of jitter by dividing the frequency. Though differential output oscillators are commonly available, it is difficult to construct a pseudo non-overlapping clock with them.
2.1
Conventional Divider

A conventional divider is achieved using a counter circuit as shown in Fig. 2. A D Flip-Flop must operate at high frequencies (GHz or more). Though designed to a minimum size with 0.18μm CMOS process by using TSPC ([6], [7]), a D flip-flop can operate at high speed, but it can only perform up to 3.2GHz for a single output or 2.8GHz for a complementary output. Three dividers utilizing a ring oscillator were therefore proposed and designed.
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Fig. 2  Conventional Divider

2.2
Proposed five-stage differential Divider 1
The circuit diagram of Divider 1 is shown in Fig. 3. This circuit consists of three CMOS inverters and two CMOS Transmission Gates (TGs). These are arranged in two parallel rings, so cross-coupling the output stages produces complementary outputs.
     Figure 4 shows Divider 1’s timing diagram. Operation on the +side is opposite to that on the –side, so only behavior on the +side is explained. The operation frequency of the three-stage ring oscillator in this divider is controlled by on-off switching of TG1+ and TG2+ with the input clock. This Divider doesn’t have theoretical minimum frequency because TG1 and TG2 alternately repeat turning ON and OFF. When CLK+ becomes LOW, TG1+ turns ON and the voltage level of node 'b+' changes to the same voltage level of node 'a+', with the propagation delay of TG. The transition in node 'b+' is propagated to node 'c+'. When CLK + becomes HIGH, TG1+ is turned OFF and TG2+ is turned ON, and it returns from 'c+' to 'a+' via 'd+' and 'e+'. When TG1 is turned ON again, the signal is propagated from node 'a+'. Consequently, the input clock is divided by two, triggered by the falling edge of input clock. In addition, cross-coupled wiring at the output stage and adjusting the buffer produces a pseudo non-overlapping clock.
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Fig. 3  Proposed five-stage differential Divider 1
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Fig. 4  Timing diagram of Divider 1

2.3
Proposed four-stage differential Divider 2
Figure 5 shows the circuit diagram of Divider 2. Divider 2 has a circuit topology in which TG2 is removed from a single loop of Divider 1 [5] to enable operation at higher speed. This leads to improved speed in two ways.
     First, the delay of the critical path is reduced. The critical-path delay, which is from node 'a+' through nodes 'b+', 'c+', 'd+' and return back to node 'a+', is reduced by the delay of one TG. Second, the load the input clock must drive is reduced to half that in Divider 1. The input clock drives only TG. Thus the slope of the input waveform can be steep. This enables the clock to operate at higher frequencies and decreases the delay of TG because gate delay is eliminated due to the steep slope of the input waveform.
     Figure 6 shows the timing chart for Divider 2. The −side operation is just opposite that of the +side as in Divider 1. When TG is turned ON, the signal propagates from 'b+' to 'c+', then returns to 'b+' via 'c+', 'd'+, and 'a+'. After TG is turned ON again, the inverted signal propagates similarly. The input signal is thus divided by two.
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Fig. 5  Proposed four-stage differential divider 2

[image: image6.wmf]T

2

CLK+

CLK

-

TG

d+

a+

b+

c+

out+

t

tg

t

tg

t

inv

t

inv

t

inv

t

inv

t

inv

t

inv

t

inv

t

inv

2T


Fig. 6  Timing diagram of  divider 2

2.4
Proposed three-stage differential Divider 3
The circuit diagram of Divider 3 is shown in Fig. 7. A pseudo non-overlapping clock was generated by changing the structure from a three-stage ring oscillator to a single loop of a four-stage ring oscillator (two stages for each side) and by intersecting wirings of the output taken from the second and fourth inverters. Thus, the propagation delay of Divider 3 can be decreased. Unlike in Divider 1 and Divider 2, a single loop of the four-stage ring oscillator doesn't oscillate by itself. However, it oscillates to make the signal of 'a+' and 'a−' complementary through the cross-coupling structure of the output stage. The operation frequency increased faster than that of Divider 2 because one inverter was removed and the propagation delay for one transition is less than in Divider 2.
     As illustrated in Fig. 8, when TG is turned ON, 'a+' and 'a−' are transmitted to 'c+' and 'c−' via 'b+' and 'b−'. It propagates from 'c+' to 'a−' as well as 'c−' to 'a+'. When TG+ is turned ON again, the signal propagates in the same manner. Therefore, the output is the input clock divided by two.
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Fig. 7  Proposed three-stage differential Divider 3
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Fig. 8  Timing diagram of divider 3

2.5
Maximum and minimum frequencies
Each divider has an upper and a lower operation frequency limit. Critical path delays T1, T2, and T3 of a divider yield the ranges.



          T1   ≤ T/2




T/2 ≤ T2,3 ≤ T


(1)

Here, the cycle of the input clock is T. The propagation delay of TG and the Inverter is assumed to be ttg and tinv. This yields the following.



T1 =   ttg+2tinv




T2 =   ttg+3tinv


(2)




T3 =   ttg+2tinv
The maximum and minimum input frequencies f1, f2 and f3 are obtained from




      f1 ≤ {2×(ttg+2tinv)}−1



{2×(  ttg+3tinv)}−1 ≤ f2 ≤ {  ttg+3tinv}−1
(3)



{2×(  ttg+2tinv)}−1 ≤ f3 ≤ {  ttg+1tinv}−1

3   Layout
We have designed the proposed circuits with a 1Poly-5Metal-3Well 0.18μm Digital CMOS process. Figures 9 to 11 illustrate the layout of the high-speed dividers.

     As a result, the divider circuit areas are


25μm × 20μm = 500μm2 for Divider 1,


22μm × 21μm = 462μm2 for Divider 2, and


25μm × 21μm = 525μm2 for Divider 3.

     We performed the proposed circuit simulation including parasitic capacitance extracted from the layout using HSPICE. The simulation results show the tinv=34.9ps and ttg=48.9ps. The operation frequency ranges of proposed dividers are 



      f1 ≤ 4.21GHz for Divider 1,



3.26GHz ≤ f2 ≤ 6.52GHz for Divider 2, and 



4.22GHz ≤ f3 ≤ 8.44GHz for Divider 3.
However, since the output stages are utilizing the cross-coupling and the shifted timing of CLK+ and CLK− causes the difference of propagation delay, the simulation result became


1.00MHz ≤ f1 ≤ 3.23GHz for Divider 1,



2.27GHz ≤ f2 ≤ 4.76GHz for Divider 2, and 



4.76GHz ≤ f3 ≤ 6.13GHz for Divider 3.
     Power consumption results are 3.6mW at 3GHz for Divider 1, 3.2mW at 4GHz for Divider 2, and 5.0mW at 6GHz for Divider 3. Figures 12 to 14 depict the simulation results when the input frequencies are assumed to be 3GHz, 4GHz, and 6GHz.
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Fig. 9  Layout of Divider 1

[image: image10.wmf]
Fig. 10  Layout of Divider 2
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Fig. 11  Layout of Divider 3
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Fig. 12  Simulation result of Divider 1
at 3GHz input frequency
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Fig. 13  Simulation result of Divider 2
at 4GHz input frequency
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Fig. 14  Simulation result of Divider 3
at 6GHz input frequency

4   Phase Noise

Phase Noise is rapid, short-term, random fluctuations in the phase of a signal caused by time-domain instabilities. [8],[9] Because power-supply noise induces phase and frequency deviations in the output signal, the oscillator generates unnecessary energy spectra adjacent to the output frequency. Usually Phase Noise is expressed in decibels relative to carrier frequency power (dBc) at a constant offset frequency.
     Phase Noise was calculated from the power spectra using an ideal voltage source and noise voltage source added as shown in Fig. 15. Thirty sinusoidal signals with an amplitude of 5mV that depend on the harmonic components of the input frequency are added to the power supply voltage.
     The input is a pulse waveform of 3GHz for Divider 1, 4GHz for Divider 2, and 6GHz for Divider 3, and the rise/fall time is set to 50ps. Power spectra and Phase Noise results are shown in Figs. 16 to 21.
     Phase Noise that was calculated using a voltage source with noise added reached –147.0 dBc/Hz for Divider 1, –160.6 dBc/Hz for Divider 2 and –159.3dBc/Hz for Divider 3 at 1MHz offset. Figure 22 plots these Phase Noise as the input frequency to Dividers 1 to 3 is switched to each operable range and the offset frequency from carrier is switched from 100KHz to 10MHz.
     Though Phase Noise is increased to some extent by adding noise to the power supply, the noise of the three dividers is quite low. Therefore, the output frequency deviation will depend upon the VCO rather than the divider.
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Fig. 15  power supply with noise
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Fig. 16  Power spectrum the Divider 1
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Fig. 17  Phase Noise of Divider 1
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Fig. 18  Power spectrum the Divider 2
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Fig. 19  Phase Noise of Divider 2
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Fig. 20  Power spectrum the Divider 3
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Fig. 21  Phase Noise of Divider 3
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Fig. 22  Phase Noise of various frequencies

5   Conclusions
In this paper, we proposed three pseudo non-overlapping clock generators using high-speed 2:1 dividers.
     It was difficult to generate a pseudo non-overlapping clock with a clock frequency near the operating limit of the process.  However, it can be achieved by placing two ring oscillators in parallel and utilizing cross-coupled wiring in the output stages.
     Divider 2 operated at higher speed and was designed by removing one TG from Divider 1. Divider 3 achieved additional speed with a single-loop ring oscillator of four stages.
     The operation frequency ranges of each divider are



1.89GHz ≤ f1 ≤ 3.23GHz for Divider 1,



2.27GHz ≤ f2 ≤ 4.76GHz for Divider 2, and 



4.76GHz ≤ f3 ≤ 6.13GHz for Divider 3.
     The power consumption results are



3.6mW at 3GHz for Divider 1,



3.2mW at 4GHz for Divider 2, and 



5.0mW at 6GHz for Divider 3.
     Phase Noise was calculated from the power spectra, and even with noise added to the power supply, the Phase Noise at 1MHz offset was 



–147.0 dBc/Hz for Divider 1,



–160.6 dBc/Hz for Divider 2, and 



–159.3 dBc/Hz for Divider 3.
     The output phase noise is quite low, so the frequency deviation of the output will depend on the VCO, not the divider.

     This clock generator enables interleave operation for the parallel-serial converter. As a result, it is possible to realize a second-generation Serial ATA using a 0.18μm CMOS interface. 

     Trial chip fabrication is now complete, and this circuit is being tested. We plan to report the results of circuit testing in the future.
     Then, 3.0Gbit/s transceiver and receiver circuits with this proposed divider are due to be designed.
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