A COMPARISON OF NOISE-SHAPING CLOCK GENERATORSFOR SWITCHED-CAPACITOR FILTERS *Raymond W. Zeng� and Paul J. HurstSolid-State Circuits Research LaboratoryDepartment of Electrical and Computer EngineeringUniversity of California, Davis, CA 95616ABSTRACTA programmable clock generator for switched-capacitor filters (SCFs) that uses noise shaping to generatea wide range of sampling frequencies with fine resolutionwas described in [1]. In this paper, alternative noise-shaping transfer functions are evaluated for the clockgenerator. Simulated and measured results are presented.Finally, a tone detector that uses a bandpass SCF driven bythe clock generator with first-order noise shaping isdescribed.1. INTRODUCTIONThe transfer function of a switched-capacitor filter(SCF) scales with its sampling frequency. Aprogrammable clock generator that generates a wide rangeof sampling frequencies with fine resolution is describedin [1]. The generated clock fs has nonuniformly spacedsampling edges that align with the fast system clock fc;such alignment helps to reduce coupling of digitalswitching noise into the SCF. The jitter in the samplingedges is concentrated at high frequencies by a noise-shaping loop, which is described below. When such aclock is used in a bandpass SCF, for example, its centerfrequency can be accurately set by adjusting the samplingfrequency. Such adjustment can be used to preciselyposition a BPF in a tone-detection system or to correctslight SCF frequency-response errors caused by imperfectIC processing. One drawback of this approach is that theinput to the filter must be bandlimited to well below fs(e.g. fin<0.1fs [1]), but this can often be achieved by usingan imprecise lowpass filter before the critical SCF filter.In [1], a sixth-order noise-shaping loop was used inthe clock generator. Considering only the effect ofsampling noise caused by the jitter in the clock fs, thesimulated signal-to-sampling-noise ratio (SSNR) at thefilter output exceeds 70 dB for all fin<0.1fs for twospecific SCFs: a second-order BPF with Q=10 andfo=0.01fs and a fifth-order LPF with f—3dB=0.04fs.However, measured results revealed that the output signal-________________* This work was supported in part by a UC MICRO grant.� R. Zeng is now with Intel Corp., Folsom, CA, 95630.to-noise ratio is limited by circuit noise sources (from theop amps and switched capacitors) rather than by samplingnoise [1]. This result is important and means that lowerorder noise-shaping clock generators that give lowerSSNR and require less IC area are worth investigating.This paper considers such clock generators and presentssimulated and measured performance for them.2. BACKGROUNDFig. 1(a) shows a block diagram of a SCF driven by anonuniform sampling clock fs. The SCF samples thecontinuous-time input s(t) and produces a sequence ofoutput samples y[n]. A model for the SCF is shown inFig. 1(b). Here, the input switch nonuniformly samplesthe input s(t), producing a sequence of samples x[n] =s(tn), where tn is the nth sampling instant given by tn = nT+ t[n]. The desired sampling rate is fs =1/T, and t[n]accounts for the jitter in the nonuniform sampling clock.If |t| is small, t is highpass and s(t) is lowpass, x[n]contains the input s(t) sampled at the desired 1/T rate andhighpass sampling noise due to the jitter [1]. The filteroutput samples y[n] are found by convolving x[n] with theimpulse response of the SCF. When the SCF is a lowpassor bandpass filter, the transfer function H(z) of the SCFattenuates the high-frequency sampling noise and gives ahigh SSNR at the filter output.

SCF^{y[n]}

s(t)

CLK GEN f_C=1/T_C D

s(t)

H(z)

x[n] y[n]

(a)

(b) f_S

SCF f_S

Fig. 1: (a) Block diagram of a SCF and nonuniform samplingclock generator. (b) A model for the SCF: a sampler followedby discrete-time convolution.

D f_S

N C O

P[n]

T/T_C

Period[n]/T_C

=

Noise-Shaping

Quant. Loop by P[n]) ( f_C =1/T_C

D

G(z) (b)

B.F

B.F B

f_C

Q N C O

P[n]

N[n]

B – f_S

(a) d[n]

Fig. 2: (a) A block diagram of the clock generator. (b) The clockgenerator, showing the noise-shaping loop in more detail.The clock generator is shown in Fig. 2(a) and consistsof two major blocks: a noise-shaping quantization loop[2] and a number-controlled oscillator (NCO). The inputto the noise-shaping loop is a constant D that equals thesystem clock frequency fc divided by the desired samplingfrequency fs (D = fc/fs = T/Tc). Here D is a B.F-bitnumber; that is, D has B integer bits and F fractional bits.(In this paper, B=6 and F=6.) The output of the noise-shaping loop at time n is a B-bit integer P[n]. The NCOdivides the fast clock fc down by P[n] which gives aninstantaneous period equal to P[n]Tc for the nth samplinginstant as shown in Fig. 3. A new P value is generated bythe loop for each period of the clock fs.

T +τ [1] 2T +τ [2] 3T +τ [3] f_S: 0 f_C:

14TC 16TC 13TC

Fig. 3: Waveforms of the fast clock fc and the nonuniformsampling clock fs. Clock fs is generated by dividing fc by time-varying integer values (e.g., 14, 16, and 13 here). Samplingtimes nT+t[n] are at the rising edges of fs.3. COMPARING DIFFERENT G(z)In [1], a sixth-order G(z) was used in the noise-shaping loop: G0(z) = 2z–1 – 0.5z–2 – 0.625z–3 – 0.125z–4+ 0.125z–5 + 0.125z–6.(1)This transfer function gave a SSNR at the filter output thatexceeds 70 dB for all fin < 0.1fs for two specific SCFs: asecond-order BPF with Q=10 and fo =0.01fs and a fifth-order LPF with f–3dB=0.04fs. However, measured resultsrevealed that the output SNR is limited to about 60 dB bycircuit noise sources (from the op amps and switchedcapacitors) rather than by the sampling noise [1].Therefore, lower order G(z) that give lower SSNR and aresimpler to implement are worth investigating.The objectives when selecting a G(z) are:1- A sufficiently high simulated SSNR at the SCFoutput for input signals in a specified bandwidth (e.g.SSNR > 65 dB for fin < 0.1fs).2- Low noise gain, which is the sum of the absolutevalue of the coefficients of G(z) [3], to keep the peak-to-peak jitter in fs small [1]. The peak-to-peak jitterdetermines the minimum half-clock period duringwhich the op amp(s) must settle.3- G(z) should be low order and use mostly power-of-two coefficients to yield a simple, small ICimplementation.4- Highpass (or perhaps white) jitter.To determine the spectrum of the jitter, the key transferfunction is from the noise N[n] in Fig. 2(b), which isassumed to be white, to the jitter t[n] at the NCO output,and it isHT(z) = t(z)N(z) = G(z)–1(1–z–1)fc. (2)(2)This transfer function should be highpass (or possiblyallpass) to give high SSNR in a low-frequency band.Five different G(z) that were investigated are listed inTable 1. Each G(z) has at least one zero at z=1 to cancelthe pole at z=1 in (2). (The pole at z=1 is due to the NCO.)Each G shapes the jitter spectrum differently, asdetermined by the HT(z) listed in the table. For G1(z)=z–1,HT(z) is a constant which means the jitter is white if N[n]is white. G0(z) is the transfer function that was used in[1]. The other four G(z) are lower order and are simpler toimplement. Unfortunately, these G(z) generate periodicP[n], causing tones [4] to appear in the spectrum of t[n].As a result, the sampling noise in x[n] (see Fig. 1) consistsof tones rather than shaped noise [5,6]. To eliminate thesetones, a dither signal d is added to the input of thequantizer Q as shown in Fig. 2(b) [6]. This dither is a 0.4-bit pseudo-random number that is uniformly distributedfrom 0 to 1. The total noise N[n] in Fig. 2(b) is N[n] =d[n] + q[n], where d[n] is the dither and q[n] isquantization noise (the difference between the quantizerinput and output).

Noise

Gain

% of CLB

3.5 98

1 52

3 62

2 79

5 83

G z( ) HT z( ) fC⋅

G0 2z 1– 0.5z 2– – 0.625z 3– – = 0.125z 4– – 0.125z 5– 0.125z 6– + + 1 z 1– – 2 1 0.5z 1– + • 1 0.5z 1– 0.25z 2– + + G1 z 1– = 1–

G2 2z 1– z 2– – = z 1– 1–

G3 1.5z 1– 0.5z 3– – = z 1– 1– 1 0.5z 1–+

G4 2z 1– 2z 3– – z 4– + = 1 z 1–– 2 1 z 1– +

Ταβλε 1: Χομπαρισον οϕ διϕϕερεντ Γ(ζ) Τηε νοισε γαιν ϕορ εαχη Γ ισ λιστεδ ιν Ταβλε 1. Τηεπεακ−το−πεακ φιττερ ισ δετερμινεδ βψ τηε νοισε γαιν. Φορ Γ0ωιτη νο διτηερ σιγναλ αδδεδ, τηε πεακ−το−πεακ φιττερ ισ 4Τχ(4 ισ τηε νοισε γαιν οϕ 3.5 ρουνδεδ υπ το τηε νεξτ ιντεγερ).Εαχη οϕ Γ1−Γ4 προδυχεσ α πεακ−το−πεακ φιττερ εθυαλ τοτωιχε τηε νοισε γαιν τιμεσ Τχ βεχαυσε τηε αδδεδ διτηερ ηερεδουβλεσ τηε πεακ−το−πεακ ϖαλυε οϕ Ν[ν]. Τηερεϕορε, ονλψΓ1 γιϖεσ α πεακ−το−πεακ φιττερ (= 2Τχ) τηατ ισ λεσσ τηαν τηεπεακ−το−πεακ φιττερ ωιτη Γ0.4. ΣΙΜΥΛΑΤΕΔ ΑΝΔ ΜΕΑΣΥΡΕΔ ΡΕΣΥΛΤΣΦορ τηε ϕολλοωινγ σιμυλατεδ ανδ μεασυρεδ ρεσυλτσ, τηετεστ χονδιτιονσ ωερε: ϕχ = 2 ΜΗζ, Δ = 20.25 (ωηιχη γιϖεσϕσ = 98.77 κΗζ), ϕιν = 1 κΗζ ανδ ςιν = 1.5 ςπ−π, ανδ τηεσεχονδ−ορδερ ΒΠΦ ανδ ϕιϕτη−ορδερ ΛΠΦ δεσχριβεδ αβοϖε αρευσεδ. (Τηε ΣΣΝΡ ισ ινδεπενδεντ οϕ αμπλιτυδε, σο τηεχηοιχε οϕ αμπλιτυδε ισ νοτ ιμπορταντ ηερε [1]. Αδδιτιοναλινϕορματιον ον τηε ΒΠΦ ανδ ΛΠΦ ισ ιν [1].). Διτηερ ισαδδεδ ϕορ Γ1−Γ4. Φιγυρεσ 4 ανδ 5 σηοω τηε σπεχτρα οϕ τηεινπυτ σαμπλεσ ξ[ν] ϕρομ σιμυλατιον οϕ τηε μοδελ οϕ Φιγ.1(β) υσινγ Γ1 ανδ Γ4, ρεσπεχτιϖελψ, ιν τηε νοισε−σηαπινγλοοπ. Νοτιχε τηατ τηε νοισε ϕλοορσ αρε σηαπεδ διϕϕερεντλψανδ ιν αγρεεμεντ ωιτη τηε χορρεσπονδινγ ΗΤ∋σ ιν Ταβλε 1.Τηε σιμυλατεδ σπεχτρα οϕ τηε ΛΠΦ ουτπυτ, |Ψ(ω)|, αρε σηοωνιν Φιγυρεσ 6 ανδ 7 ϕορ Γ1 ανδ Γ4. Βοτη σπεχτρα σηοω τηεεϕϕεχτ οϕ τηε ΛΠΦ∋σ ηιγη−ϕρεθυενχψ αττενυατιον ον τηε νοισεϕλοορ. Τηε πασσβανδ νοισε ϕλοορ ϕορ Γ1 ισ μυχη ηιγηερτηαν ϕορ Γ4, ανδ τηε σιμυλατεδ ΣΣΝΡ ϕορ Γ4 ισ 87.8 δΒ,ωηιχη ισ μυχη ηιγηερ τηαν τηε ΣΣΝΡ οϕ 68.4 δΒ ϕορ Γ1.Τηε σιμυλατεδ ΣΣΝΡσ ατ τηε ΛΠΦ ανδ ΒΠΦ ουτπυτσ ϕορ αλλτηε Γ∋σ αρε γιϖεν ιν Ταβλε 2.

-160

-120

-80

-40

0

0 10 20 30 40 50

|X| (dB)

Frequency (kHz)

Fig. 4: Simulated spectrum of the samples x[n] in Fig. 1(b) withG1 in the noise-shaping clock generator.

-160

-120

-80

-40

0

0 10 20 30 40 50

|X| (dB)

Frequency (kHz)

Fig. 5: Simulated spectrum of the samples x[n] in Fig. 1(b) withG4 in the noise-shaping clock generator.

-160

-120

-80

-40

0

0 10 20 30 40 50

|Y| (dB)

Frequency (kHz)

Fig. 6: Simulated spectrum of the LPF output with G1 in thenoise-shaping loop.

-160

-120

-80

-40

0

0 10 20 30 40 50

|Y| (dB)

Frequency (kHz)

Fig. 7: Simulated spectrum of the LPF output with G4 in thenoise-shaping loop.LPFBPFG(z)

SimulatedSSNR(dB)MeasuredSNR(dB)SimulatedSSNR(dB)MeasuredSNR(dB)G084.2

61.986.663.0G168.4

61.782.963.8G284.2

60.499.961.7G380.1

60.588.162.6G487.8

58.198.759.2Table 2: SNR at filter outputs for different G(z)The clock generator of Fig. 2(b) was implementedusing a Xilinx XC4005 chip so that the clock generatorcould be tested with different G(z). As a measure ofcomplexity, the percentage of configurable logic blocks(CLBs) used in the Xilinx chip to implement the differentclock generators is given in the last column of Table 1.G1-G4 are built with a dither generator, and thecomplexity of the dither generator is included in the CLBcounts. The clock generator using G0 was alsoprogrammed (without a dither generator) for comparison.Measured results were taken using the different clockgenerators with the second-order BPF and fifth-order LPFthat were integrated in a 2-mm CMOS process [1].Measurements confirmed that the clock generators usingthese five different G(z) produced a wide range ofsampling frequencies with the same resolution. Therefore,all the clock generators provided the same control over thefrequency response of the SCFs.Figures 8 and 9 show the measured spectra of LPFoutputs for G1 and G4, respectively. These spectra werefound by sampling the SCF output with a 14-bit ADC that is clocked by fs and then taking a FFT of the samples. Thenoise floor is higher here at both high and low frequenciesthan simulated, which means that circuit noise is muchlarger than sampling noise. Comparing Figs. 8 and 9, thenoise floor for G4 in the filter stopband is somewhathigher than for G1, whereas the passband noise floors areabout the same. As a result, the measured signal-to-noiseratio (SNR), which includes the effect of sampling andcircuit noise but excludes distortion, is larger for G1 thanfor G4. (See Table 2.) This result is surprising since thesimulated SSNR for G1 is smaller than the SSNR for G4.The reason for this discrepancy between the relativeSSNRs and SNRs is uncertain, but it could be either thatthe SCFs do not provide as much high-frequencyattenuation of the noise as predicted by the model, or thereis a source of noise in a nonuniformly clocked SCF thatwe do not yet understand. (As evidence of this, measuredSNRs with a uniform sampling clock (D=20) are 66.3dBfor the LPF and 67.7dB for the BPF. These values arenoticeably larger than the measured SNRs in Table 2.)The measured SNRs at the BPF and LPF outputs forall the G’s are given in Table 2. Comparison of theseSNRs for both filters reveals that G1 has the highest SNRand G4 has the lowest among G1-G4. Therefore,considering SNR, peak-to-peak jitter, and complexity,G1(z) is the best choice for these SCFs.

-160

-120

-80

-40

0

0 10 20 30 40 50

|Y| (dB)

Frequency (kHz)

Fig. 8: Measured spectrum at the output of the SC LPF with G1in the noise-shaping clock generator.

-160

-120

-80

-40

0

0 10 20 30 40 50

|Y| (dB)

Frequency (kHz)

Fig. 9: Measured spectrum at the output of the SC LPF with G4in the noise-shaping clock generator.5. TONE DETECTOR EXAMPLEOne possible application of this clock generator is in asystem that detects signaling tones, such as those used in adual-tone multifrequency (DTMF) receiver. For DTMF,tones at 8 different frequencies (697 Hz, 770 Hz, 852 Hz,941 Hz, 1209 Hz, 1336 Hz, 1477 Hz, and 1633 Hz) withamplitudes between —2 dBm and —32 dBm must bedetected [7]. A block diagram of a tone detector that usesa programmable SCF is shown in Fig. 10. An imprecisesecond-order RC LPF with f-3dB<0.1fs (f—3dB»5 kHz) isused as a bandlimiting filter. After the RC LPF, the signalpasses through a high-Q programmable SC BPF (Q=10,fo=0.01fs). The center frequency of this BPF isprogrammed by the noise-shaping clock generator thatuses G1. This BPF passes a narrow band centered at thetone frequency of interest. The filter output is thendigitized and processed digitally to determine if a sinewave with the correct frequency and sufficient amplitudeis present. With this system, different tones can bedetected by changing D which changes the samplingfrequency fs and the center frequency of the BPF. WithD=6.6 bits and fc=2 MHz, the center frequency of the BPFcan be set to within 0.06% of any of the 8 DTMF tonefrequencies. With simple amplitude and frequencyqualification in the DSP [7], this system detects tones witha frequency that is within +2.3% of the desired tonefrequency with amplitudes between 10 dBV and —40 dBV.6. CONCLUSIONNoise-shaping clock generators using simple G(z) anddither generate a wide range of sampling frequencies forSCFs. A simple first-order clock generator achievesacceptable performance for many filtering applications.

Clock

Generator

SC BPF RC LPF A/D DSP f_S

V_{in}

Tone

Detect

Output

D f_C

Fig. 10: DTMF tone detector using a SC BPF and a noise-shaping clock generator. (DSP = Xilinx XC4005)REFERENCES[1]P. J. Hurst and B. C. Rothenberg, �A programmable clockgenerator that uses noise shaping and its application inswitched-capacitor filters,� IEEE J. Solid-State Circuits,vol. 30, no. 4, pp. 403-411, April 1995.[2]S. K. Tewksbury and R. W. Hallock, "Oversampled, linear-predictive and noise-shaping coders of order N>1," IEEETrans. on CAS, vol. 25, no. 7, pp. 436-447, July 1978.[3]L. R. Carley and J. Kenney, �A 16-bit 4th order noise-shaping D/A converter,� CICC, pp. 21.7.1-21.7.4, 1988.[4]J. C. Candy, O. J. Benjamin, "The structure of quantizationnoise from sigma-delta modulation," IEEE Trans. onComm., vol. 29, pp. 1316-1323, Sept. 1981.[5]W. Chou, R. M. Gray, �Dithering and its effects on sigma-delta and multistage sigma-delta modulation,� IEEE Trans.on Inform. Theory, vol. 37, no. 3, pp. 500-513, May 1991.[6]S. R. Norsworthy, �Optimal Nonrecursive noise shapingfilters for oversampling data converters part1: theory,�ISCAS, pp. 1353-1356, 1993.[7]B. J. White, G. M. Jacobs, and G. F. Landsburg, "Amonolithic dual tone multifrequency receiver," IEEE J.Solid-State Circuits, vol. 14, no. 6, pp. 991-997, Dec. 1979.