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Abstract 

This thesis presents an integrated solution for generating modulation frequencies in a GHz 

range, while providing a fine resolution by using a fractional-N approach. The synthesizer con- 

tains a phase-locked-loop that controls a four-stage ring oscillator to generate frequencies at 

around 7ûûMHz. The four-stage ring oscillator provides two sets of quadrature signals to a mixer 

to demodulate any incoming RF at twice the oscillator's frequency. Design theories and issues are 

discussed in each chapter. For al1 building blocks. system-level and transistor-level simulations 

are verified and presented. A complete frequency synthesizer is fabricated in a OSum-CMOS 

process. The active area of the whole design is 1 mm x 1 S m  and dissipates 32mW (simulated) 

at a supply voltage of 3.0 volt. 
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Introduction 

The ever increasing demand for laptop computers and cellular phones in the last decade indicates 

a growing need for devices which facilitate mobility while allowing constant communication. Ln 

the future, analog cellular phones will be replaced by digital modems. This trend is motivated by 

the ability of digitai cellular standards to accommodate more users. to provide bener secunty. and 

to allow the transmission of digiral data Once the transition is complete. digital formats will 

enable laptop computers and cellular phones to merge. making the "mobile office" a reality. 

Conventional RF (Radio Frequency) architecnires with discrete external components. and 

expensive SAW (Surface Acoustic Wavej filters, are not attractive prospecrs for the wireiess mar- 

ket. In the wireless market. the most important thing is the cost and then is the power consump 

tion. The only reason power ranks second is because a cheaper battery can be used. The 

difficulty in developing an W architecture which is suirable for a standard digitai CMOS process 

goes beyond achieving hi@-speed circuits with low power supply voltages and low power dissi- 

pation. The real challenge exisü in providing these benefits while still delivenng what the market 
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Sec. 1.1 Motivation: A Single-chip Digital Radio Receiva 

demands: low cost. 

1.1 Motivation: A Single-chip Digital Radio Receiver 

One of the aims of our anaiog electronics group has k e n  to develop high-speed circuits that will 

dlow the integration of a complete digital radio receiver ont0 a single chip. A new architecture 

proposed in [ 1 ] goes beyond limitations of the directconvenion architecture that has been gain- 

ing interest for single-chip designs. A non-zero quadrature IF reduces the image problem and 

eliminates concems about self-EJW and 14 noise. A complex bandpass filter embedded in a 

delta-sigma loop allows the A/D conversion to be performed directly on the pair of quadrature 

outputs from the mixer. 

Frequency 
S ynthesizer 

Complex 
Bandpass 

Delp-Sigma 
Converter 

DSP 

Figure 1.1 Architecture for the RF front-end 

The purpose of this thesis is to provide the RF front-end (See Figure 1 . 1  ) with a frequency 

synthesizer which downconverts the incoming RF to the low-IF for the complex bandpass delta- 

sigma converter. The synthesizer applies the fractional-N method to generate frequencies with an 

accurate channel stepsize which are non-integer multiples of the reference frequency. 
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1.2 Types of Frequency Synthesis 

The frequency synthesizer generates a local oscillation (LO) signai used in the down-conversion 

of received signais. This signal must meet the frequency stability. precision. and frequency agil- 

ity required by the architecture. Furthemore, the LO signal must have a spectrum which does not 

degrade the receiver performance and exceed the limits set by the other components of the 

receiver. The function of the frequency synthesizer is to translate die performance of a reference 

oscillator to frequencies that are usehl to the users. Various methods are available to generate 

this carrier frequency. However, many of them are restrictive due to the modulation requirements 

of the system, the ability of the synthesizer to be integrated, as well as the necessity of limiting 

power dissipation. Many of these methods are summarized below. Other high-performance fre- 

quency synthesizers typically combine two or more of the following methods, exploiting the 

advantages of each. 

Direct Analog Synthesis 

In direct analog synthesis, the reference frequency is directly translated using analog techniques 

such as switching, frequency division, multiplication, filtering. and mixing. This form of synthe- 

sis offers very high purity at the cost of very high complexity. What follows is an explanation of 

some typical types of synthesis dong with their advantages and disadvantages in tems of a wire- 

less environment. 

Frequency Switching 

Frequency Switching (See Figure 1.2) is the most straight-forward form of frequency synthesis. It 

consists of a bank of crystals connected through a bank of switches to a crystal-controlled oscilla- 

tor. While this type of synthesizer has good close-in phase noise pur@ and high stability of the 

Master Thesis: A GHz CMOS Frequency Synthesizer For MobiIe Communication Wynstan Tong 
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crystal reference is maintained [2], it has many disadvantages: for instance, the high cost of hard- 

ware, the limitations on the output frequency, and the difficulty in integrating such systerns. As 

different reference crystals are required for each desired output frequency, the cost becomes 

excessive. Besides, the output frequency is limited to the maximum oscillating frequency of a 

crystal, but most of the crystal oscillators available in the market are usually under 200 MHz. 

Finally, with so many extemai crystals, complete integration becomes impossible. 

1 XRXtTAT, Selected 
I 

P d -  - - - - - -  I *' = Hi@-@dity 
I I - J  Signal 

Figure 1.2 The use of multiple crystals to tune an RF system 

Frequency Mixing 

Frequency rnixing utilizes a mixer to multiply two signals together, generating a signai that con- 

tains both the sum and the difference of the two input frequencies. Typically only one of these 

two frequencies is desired. This type of synthesizer has very good noise performance and the 

same stability as the reference oscillator. Frequency mixing is accomplished by using a nonlinear 

element such as a diode or a transistor and by exploiting the non-linearities to perform the mixing 

action. Unfortunately, the non-linearities tend to produce a signal that contains many spunous 

tones at various mixing products. The final signal will be a combination of many frequencies 

with the fom: n fa f m f 

These spurious frequencies are the basic disadvantage of frequency mixing. Filtering can 

be used to eliminate these spurs, but can do so only at the price of a narrow frequency range. A 

Master Thesis: A GHz CMOS Frequency Synthesizer For Mobile Communication Wynstan Tong 
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wide-band solution to reduce unwanted spurs is to use balanced mixers or quadrature mixers. 

Quadrature mixers cm be easily integrated and can attenuate spurious frequencies from 20 to 50 

dB. 

f i n + f ~  I O f i n + A f 0 - 9  
'/0-9 

fin Digital 
) Divider 

10 

-+ 10 

Figure 1.3 Frequency synthesis using frequency mixing method 

Direct Digital Frequency Synthesis 

A Direct-Digital Frequency Synthesizer (DDFS) proposed in [3] produces a smooth, sinusoid-like 

signal by combining a sine look-up table and a digital-to-analog converter (DAC). A stable 

source (such as a cr-ystal reference) clocks a phase accumulator which provides the 'index' to the 

sine look-up table inside a Read-Only-Mernory (ROM). The output of the look-up table goes to a 

DAC and is converted to a stepped sine wave. A typical block-diagram is shown below. 

b 

7 8 ~ / 2  sine Digital-to- 
lookup Analog 

L 4 ~ / 2  J ROM Converter - 

4 Phase 
Accurnulator 

Figure 1.4 A Direct-Digital Frequency Synthesizer(31 which has exploited the sin@) symmetries 

about ~r: and z/2 for table compression 

This architecture offers low phase jitter. Moreover, it can quickly switch output frequen- 
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cies and provide an output that is continuous. Some common techniques, being used for spunous 

suppression, inciude phase dithering and noise-shaping. However, the overall system is still very 

cornplex, and can only be used for relatively low frequencies with a reasonably Iow power dissi- 

pation. 

Indirect Analog Synthesis 

Indirect synthesis utilizes an oscillator which is controlled by a Phase-Locked-Loop (PLL) to gen- 

erate its output frequency. This frequency can be an extracted clock from a data sequence or it 

cm be a multiple of the reference clock. The PLL has often been used to track a slowly-varying 

signal to perform FM demodulation. It is also an attractive approach for frequency synthesis 

because it is relatively easy to design and integrate and requires less passive components and 

interface circuits. 

General Phase Locked Loop 

Frequency synthesizers that employ one or more PLLs may appear intimidating and difficult to 

understand. An intuitive understanding of a single-loop PLL operation can be explained by con- 

verting the PLL section to a generai form given in Figure 1.5. The method of frequency transla- 

tion is not specified and c m  be anything from a simple digital divider to a single sideband 

modulator that contains its own PLL. The PLL tunes the Voltage-Controlled Oscillator (VCO) 

until the phases and the frequencies of the signais applied to the Phase Detector (PD) are equal. 

Expressions are given below for the output of the frequency translation devices. 

f r e f = F , ( f i n )  f d i v = F d ( f v c o )  

Master Thesis: A GHz CMOS Frequency Synthesizer For Mobile Communication Wynstan Tong 
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Phase 

1 fdiv 

Detector 

Figure 1.5 Block diagrarn of a phase-locked loop 

Once the system is 'Iocked', the output frequency can be easily cdculated by equating the 

signals at the input of the PD, resulting the expression in (1 -2). 

hn 

fier = fd i v  andhence fKo = 'il(',(fin)) (le 

Another advantage of the PLL is the noise suppression it provides. The noise spectral 

components close to the average oscillation frequency of a VCO are suppressed when it is placed 

in a PLL. If the PD has low noise sidebands, the phase noise well within the bandwidth of the 

loop, is given by: 

- Frrquenq fref 
Translation , ./ LOOP fvco 

Fr 
* 

Filter 
b 

where N is the division ratio of the divider in the feedback path of the PLL, a,,, is the PSD of 

the VCO, and is the PSD of the reference osciliator. 

The major disadvantage of the above frequency synthesis is the lengthy time it takes to 

switch the output frequency. The switching speed is usuaily at least ten times the penod of fief. 

This limit arises from setting the PLL bandwidth to no wider than one tenth of the reference 

source. The filter cannot be widened because of the need to filter the reference source feed- 

through and to ensure that the ioop is stable. 
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The PLL with an integer divider has a resolution equal to f4. For fine resolution, this 

implies a very low frequency. As the loop bandwidth cannot be larger than one tenth of f4, it 

10 leads to a very poor switching-speed performance ( t,, > - ). Furthemore, the loop will pro- 
f ,'?, 

vide less noise suppression for the VCO. To achieve acceptable performance, a low-noise VCO 

is required. An indirect synthesizer similar to the PLL is the Frequency-Locked-Loop (FLL). In 

an KL, a Frequency Detector (FD) is used to measure the difference in frequency between fM 

and fdiv . The loop uses this information to tune the VCO until f& = fdb . 

The FD usually requires extra components to extract the frequency information whereas 

the PD used in PLL is easy to be implemented by using merely digital circuits. Therefore, the 

PLL is much more popular in synthesizer applications than the FLL. 

PLL for Frequency Synthesis 

h a basic PLL, the frequency translation device is a frequency divider, typically implemented 

with a digital counter. In Figure 1.6, the reference frequency is divided by M while the output fre- 

quency is divided by N. 

Figure 1.6 Basic phase-locked loop for frequency synthesis 

The PLL forces the VCO to oscillate at a frequency where the two divided signals are equal. This 

relationship is given in (1.4). 

fLf LOOP fvco 
+ 

Filter 
b 

A n  
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- f i .  fief - 

Solving for f,, yields the standard expression for the synthesized signal: 

This basic PLL provides many advantages in wireless applications. AI1 the components 

are easiiy integrated and low power dissipation is often achieved. If the VCO is relatively quiet, 

good noise performance is feasible too. However, this loop still has a poor switching tirne. 

Fractional-N Frequency Synthesis 

The fractional-N technique modifies the classical indirect phase-locked loops to effectively per- 

mit the feedback divider to take a penodicaily changing division ratio and hence to give a non- 

integer ratio. For instance, if a fractional value of 1/8 is required, then the division ratio changes 

once (from N to N+ 1 )  every eighth cycle. 

Figure 1.8 shows the architecture of a fractional-N synthesizer. An accumulator is a con- 

venient device to control the division ratio because the number of occurrences of its cany-out 

equals the numerator of the fraction. For example, in Table 1, a 3-bit accumulator has 3 added to 

its output for each clock cycle, and consequently overflows on average three times every eight 

cycles, whenever its output would exceed the maximum of the accumulator. 

1 1 Clk 

Figure 1.7 A typical implementation of an accumulator 
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f n  fref - * b o p  . 
f v m  

i i M  w 
Filter 

., 
fdiv 

+ (N, N +  I ) *  

'It 
. - - - - - - - - - - - - .  

Division 
Ratio 

Fractional 
Ftequency r & Controller 

X+Y , 
Conuol 

I 

(e.g . Accumulator) I I 

I . 
. - - - * - - - - - - - - .  

Figure 1.8 A basic fractional-N synthesizer 

1 Average division ratio = (8N+3)/8 = N+3/8 1 
-- 

Table 1 Accumulator content for Figure 1.8 

However there is a trade-off for the improvement in the frequency resolution. The manipulation 

of the division ratio generates phase perturbations, and hence spurious signais (or so-called beat 

note), which have to be eliminated in a useful synthesizer design. The nature of the phase pertur- 

bations is predictable and cm be canceled out using an analogue correction system. For instance. 

Master Thesis: A GHz CMOS Frequency Synthesizer For Mobile Communication Wynstan Tong 
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if the VCO output frequency is now changed from N - Fref to ( N - g )  - Fref while maintaining the 

feedback division ratio as N, the phase detector phase error takes on a sawtooth shape as given by 

[93 

This may be sirnplified to give 

where 0.g denotes the fractional pohon of the division ratio. 

Tee 

Figure 1.9 "Beat note" from the output of the phase detector 

Many different solutions[9] [ 10][11] which utilize various techniques, such as digiphase, 

to cornpensate the beat-note have been patented since as early as 197 1. 

However, there is a lirnit to the accuracy of the cancellation that can be achieved, and 

obtaining cancellation of better than 1% can be troublesome. In addition, the use of analogue 

components, i.e. ADCs, to correct for the k a t  note, greatly adds to complexity and power dissi- 

pation. 

An ideal fractional-N system dws not require any analogue components in order to get nd 

of these residual phase errors. Intuition suggests that this approach is not a practical possibility. 
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But a nearly complete digital solution has been devised and implemented in this thesis, showing 

the performance of a PLL can be virtuaily indistinguishable from that of the non-fractional loop 

operating at the same frequency ranges. and beyond. 

A Cornparison between DDS- and PLL-based Frequency Synthesizer 

As for most of the modem sub-micron CMOS designs for DDS- and PLL-based frequency syn- 

thesizers, some of their tradeofis on a mobile-communication standpoint are tabulated below. 

1 Output Frequency Range I 
Switching Time 

It is obvious that the PLL-based frequency synthesis is a more appeaiing approach for the 

mobile communication in terms of its output frequency range and its power consumption than 

those of the DDS-based frequency synthesis. However, the switching time of the PLL is limited 

by its loop dynarnics. Therefore, we shall discuss other methods to resolve this limitation in the 

next chapter. 

1.3 Mixer Architecture 

The linearity of an W mixer usually is rather limited. The Gilbert topology is most commonly 

reaiized in bipolar technology. Its operation principle is based on a translinear configuration. 

Techniques like predistortion and emitter degeneration are necessary to obtain a reasonable lin- 
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earity. Imperfection in this kind of structure, combined with a limited matching, will render a 

third-order intercept point, IP3, which can only be slightly greater than O dBm[5]. In a CMOS 

technology, a double-balanced structure which cancels out the quadrature term of the MOS tran- 

sistor was reported[6][7]. But these mixers only have a lirnited linearity which highly depends on 

matching, even more important is their limited frequency range. 

In this thesis, part of effort has also been spent on designing the front-end RF mixer which 

gives a good linearity independent of mismatch and maintains the frequency range for the input 

signals. 
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System Considerations 

This chapter descnbes the system architecture, specifications of each building block. timing con- 

siderations and an analysis of jitter. Basic phase-locked-loops (PLLs) are generally well under- 

stood and so a detail analysis is not included. However, there are a number of books[ 13][14][15] 

which can be used for reference. 

The quadrature receiver front-end is comprised of a dual-balanced mixer and a fractional- 

N frequency synthesizer. The main challenge lies in the design of the frequency synthesizer 

which is the most complicated and has to be immune from system interferences such as power 

supply noise. process variation and phase jitter. Our proposed type is an analog indirect version 

which is a modified PLL consisting of - a voltage-controlled oscillator (VCO) 

* a multi-modulus prescaler (PS) - a phase modulator (PM) - a frequency-phase detector (FPD) and 

* a lowpass loop filter (LP). 
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-F 
Channel Select 

Figure 21 Proposed architecture for the fractional-N synthesizer 

The above architecture of the frequency synthesizer has k e n  studied extensively by a number of 

researchers[ l6][ 1 71 and is referred to as a "conventional delta-sigma fractional-N synthesizer". 

Its basic working principle is similar to that of the NM+l fractionai-N design discussed in the 

previous chapter on page 9. However. a number of enhancements have been made in order to s u p  

press the spurious noise output as well as to improve the feasibility of implementation in a CMOS 

process for RF applications. In the following sections. we shall discuss how the performance of 

this frequency synthesizer can be improved by: 

1. Noise-shaping which further reduces the spurious phase noise 

2. Frequency doubling which brings the output frequency higher and reduces the sloping sideband 

of the sinusoidal output (See Figure 2.5) 

3. A high-speed phase selector embedded in the multi-modulus divider which elirninates extra 

logic in the prescaler, and makes it easier to interface with a multi-bit phase modulator in Figure 

4. A precharge-type phase detector which provides a fine resoluùon for the phase difference. 
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Advanced Fractional-N Synthesis 

For this kind of frequency synthesizer, the PLL still acts as a digitallytontrolled frequency gener- 

ator and as an analog reconstmction filter for the (digital) phase modulator. As shown in Figure 

2.1, the phase modulator produces a bit stream, 9, that contains the desired frequency control 

embedded in a stream of binary numben. The average density of binary numbers controls the 

division ratio of the PLL and hence the output frequency of the synthesizer. The function of the 

phase modulator is to shape the noise spectrurn of the quantization error, thereby reducing the 

spurious level in the passband of the PLL. Its effect c m  be shown by taking the Fourier h-ansfor- 

mation at the output of the phase detector. A typical result is shown in the following figure. 

Passband of PLL 
O ~ J  

D i v i i F I  "- 
Ratio 2" 

AC n is ihe nurnba of bits at _.( M d  1 the ourpur of h e  modulaor 

Figure 2.2 Spurious level with different orders of delta-sigma modulator 

The spunous noise produced by the phase modulator can be substantidly removed by the 

Ioop filter of the PLL. Simply speaking, the higher the order, the better suppression. A third- 

order modulator is enough however for most practical designs. A detailed analysis is discussed in 

the "Phase Modulator" section of this chapter. 

Master Thesis: A GHz CMOS Frequency Synthesizer For Mobile Communication 

-. 

Wynstan Tong 
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2.2 Voltage-Controlled Oscillator 

In this section, propenies of the voltage-controlled oscillator (VCO) shdl be discussed. The PLL 

shown in Figure 2.1 is used to synthesize a higher frequency by cornparhg the phase and the fre- 

quency of a reference source, typically a crystal oscillator, to those of the prescaler driven by the 

VCO. The loop corrects any phase and frequency deviation of the VCO caused by the noise and 

changes in operating conditions. However, these corrections can only be made up to the band- 

width of the loop. Frequency noise higher than the bandwidth remains un-attenuated. For this 

reason, the control loop acts as a highpass filter for noise generated by the VCO, but as a lowpass 

filter for noise input to the PLL. If there are any noise or changes in the operating conditions that 

are faster than the bandwidth of the loop, they will appear at the VCO output. Besides, any low- 

frequency noise in the input signal will feed through to the output, up to the bandwidth of the 

loop. These ideas can be more easily illustrated by 

ent sources. 

The close-loop transfer function, H f s ) ,  from the fe 

Y 

writing loop equations with respect to differ- 

to the PLL's output is given by 

The noise transfer function. H&), from the VCO to the PLL's output. 

The noise specifications for a local oscillator (LO) in communication applications are 

always very strict. An ideal LO has a spectrum of a pure carrier with no noise sidebands. How- 
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ever, every oscillator has noise that degrades the performance of the transceiver. The "close-in" 

noise degrades the Signal-to-Noise Ratio ( S m )  at the output of the demodulator. The higher fre- 

quency sideband noise degrades the adjacent channel selectivity due to nonlinearities in the mixer. 

Noise at even-higher frequencies will limit the dynamic range (a mesure of the ability to receive 

weak signals in the presence of strong signals at different frequencies) of the system. 

When RF architectures are initially designed, the LO is assumed to be ideally pure, precise 

and agile. As the design progresses, the LO architecture can achieve the required precision and 

agility, but still it is assumed to be ideally pure. As the design advances further, the purity of the 

LO becomes an important issue because it c m  lirnit the SNR of the transmitted and received sig- 

nais, and be a limiting factor in determining how wide the transmission bandwidths of two com- 

munication channels can be. 

Noise in the receiver 

Figure 2.3 A downlink transmission spectrum in GSM (FDMA is used) 

A well-designed LO used in a receiver should not Iimit the performance of the transceiver. 

Our proposed receiver (See Figure 1.1) requires that the received signal have an S N R  of at least 

30 dB[19] which is a reasonable value in many SSB systems. This requirement limits the amount 

of noise that cm be tolerated in the LO. The problem of noise in the LO can be demonstrated by 

looking ai a down-conversion example. A sarnple-channel spectrum is depicted in Figure 2.3. 
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Suppose it is desired to downconvert the signal transrnitted by User 3. If User 3 is downconverted 

by an ided sinewave, only User 3 will appear at the baseband. However, if the LO is not an ideal 

sinewave, any noise around the LO will also downconvert the channels of other users to the base- 

band. These other users will appear as noise to the detector and degrade the SNR of the received 

signal. 

All oscillators have sideband noise. so it is important to determine the arnount which is 

acceptable. An idealized power spectmm of an LO is given in Figure 2.4. It consists of an 

impulse at the desired frequency of operation and flat noise sidebands with a noise density given 

in dBMz below the carrier. The noise sidebands (BdB) beyond f 25 MHz will not contribute 

noise because the received signal will be filtered in the baseband after it is demodulated. In an 

actual LO's power spectrum. the sideband noise will rise up from the noise floor close to the 

impulse (as indicated by the doned region in Figure 2.4). These sloping sidebands or "near-in 

noise" shall initially be ignored in this analysis. However, they are very important because they 

determine the minimum channel spacing by degrading the received signal exactly Iike the flat 

sideband noise. 

Ideal Tone 
t 

Figure 2.4 Idealized local oscillator power spectrum 

In a fading channel, the transceiver architecture depends on divenity, not extra power, to 

improve the Signal-to-Noise-Ratio (SNR). We c m  assume that the average power of al1 users is 

usually constant. This assumption becomes more accurate as the number of usen increases and is 

' ' ' 
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a vaiid assumption for systems with approximately 50 users[l9]. Additionaily, the relative signal 

level of the desired user to the other users is highly variable and c m  differ by as much as 30 dB. 

This variability is accounted for by adding a 15 dB margin to the 15 dB SNR required for reliable 

transmission. These assumptions determine the mean noise level requirements. 

The total noise power folded onto the received signal, Pm is the product of the sideband 

power spectral density (PSD), the user bandwidth, and the number of users. 

PTN = PSB NuSe, (2.3) 

If we divide both sides of equation (2.3) by the signal power, the left-hand side will 

become the reciprocal of the required SNR. The PSD of the sideband noise, PsB , relative to the 

signal is now equal to (SNR - B,,,, - N , , J 1  . By inserting 30 dB for the Sm, a user bandwidth 

of 200 kHz, and 50 users, the PSD of the sideband noise must be 100 dB/Hz below the carrier. 

Effect of Near-in Noise 

In the previous section, the local oscillator was assumed to have an impulse at the desired fre- 

quency and a flat noise floor limited to the transmission bandwidth. In reality, the noise floor is 

amplified by the oscillator and causes the flat-band noise to rise towards the canier as below. 

Figure 2.5 More realistic local oscillator power spectrum 

Therefore it is narned as the sloping sideband or the "near-in" noise. The sideband noise in the 
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LO is typically at a reasonably low level beyond 300 lcHz (including the channel bandwidth and 

the guard-band). As a result, the sloping sideband noise within the user bandwidth will dominate 

the noise performance of the LO. The worst case occurs when the received signal has an unac- 

ceptable SNR level even without the presence of any other users. In order to prevent this. the 

S N R  within the channel bandwidth must be at least 40dB. This completes the preliminary speci- 

fications of the local oscillator which are summarized in the following table. 

1 Flat-band Noise Floor 1 - 100dB/Hz 1 

Maximum Frequency 

Required Turning Range 

-9OOMHz 

800150 MHz 

Table 2 Specifications of the voltage-controlied oscillator (VCO) 

- -- - -  

In-band SNR (300kH.z) 

Effects of the Phase Jitter 

The r.m.s. phase jitter is aiso another important parameter. It defines the instability of the gener- 

ated signal relative to the reference signal. We measure it by recording the time delay from the 

zero crossing of the reference to that of the LO's output and calculating the cm-S. value. Jitter is 

usually normalized to the petiod of the LO frequency and expressed as a percentage of the period 

or converted to degrees. 

The output of an oscillator can be written as 

V ( t )  = [ V ,  + ~ ( t ) ]  sin [ 2 x  f ,t + $ ( t ) ]  (2.4) 

-- 

40dB 

where the amplitude variation is represented by ~ ( t ) ,  the nominal frequency is given by f,. and 

$ ( t )  is a random process representing the phase noise. ~ ( t )  is assumed to be mean-zero and 
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only the phase noise contribution is considered. 

Assume there is a deterministic sinusoidal variation in the phase, i.e. a sinusoidal phase 

modulation, where 

7c + ( r )  = Aû sin(o,t) with lA0l K - 
2 

Substituting (2.5) into (2.4) and expanding by means of the trigonometry, 

The resulting spectrum is shown in Figure 2.6. In arriving at this result, we have assumed 

lr that small angle assumption is applicable, i.e. lA0l << 2 .. Otherwise. a more ngorous derivation in 

[20] must be followed. These extra tones, beside the central one. modulate the noise floor and 

increase the in-band noise. 

Figure 2.6 First-order spectrum for sinusoidal PM 

Statistical Model 

Now, if the phase and the amplitude are not detenninistic, a statistical approach must be taken. 

We begin with a summary of derivations given in (211. To simplify the calculations and be intui- 

tive, we assume that the communication circuits require low-noise design, and the amplitude vari- 

ations shall be srnail. Variations in amplitude are not as important as those in frequency because 

the PLL will dive a double-balanced mixer configured in an amplitude-insensitive Gilbert topol- 

ogy (except at the point where the switches in the mixer fully turn on and off). 

Master Thesis: A GHz CMOS Frequency Synthesizer For Mobile Communication Wynstan Tong 



Sec. 2.2 Voltage-Controlled Oscillator 23 

Assume that the output noise of LO has a bandwidth Bo centered on fo. If the noise is 

white with a spectral density of No, then the filtered noise is given by <Pn as shown in Figure 2.7. 

Figure 2.7 Power spectral density of output noise components 

The total noise power given by the integrai of the noise density, cm be written as the prod- 

uct of the noise density and the noise equivalent bandwidth, Bo. 

The noise can be broken up into quadrature components as follows: 

A 2 -  

n = n,+ n,, n, = x sinoor n ,  = y c o s ~ , t  

where x and y are independent random variables that change as a function of time. 

Noiseless Oscillation, V, n~ 

Figure 2.8 Quadrature noise added to a noiseless oscillation 

The quadrature noise sources are shown in Figure 2.8. In a mean-square sense. the total 

noise is 

(n, n, = O) 

When the sin and cos functions are established in (2.8). the phase reference is arbitrary 
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- - 
and thus n f = ny . Using the equalities in (2.7) and (2.9), the total power for each component is 

Since each quadrature component occupies the same bandwidth as the original filter spec- 

tnim does, the density of each is simply No /2. The power of the random tirne functions x and y 

can be evaluated by equating the power of the quadrature cornponents with the mean-square value 

of the time functions. 

Since the noise power of a single quadranire component. given by (2.1 O), is N,B, /2  , the 

- - - 
power of the random time functions is given by x2 = yZ = n- ' = N,B,  . 

By considering the original expression of the ideal LO with additive noise, the random 

time functions (2.8) are now substituted for n. 

For small angle variations due to y, (2.13) can be approximated by: 

where 0, is given by, Bo = atm - = atm - - - 
( V O L )  

As we compare (2.14) and (2.15) with (2.4). the noise expressed as n, results in amplitude modu- 

lation of the LO while n, results in angle modulation of the LO. Secause the r.m.s. of y equals 
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N$*, the phase-induced noise is 

- - - y 2 - N A  n2 eg = - - p z - = -  (rad2) 
Vo Vg v,Z SNR 

By examining (2.16), the output jitter of the LO given in radians is the inverse of the Sig- 

nal-to-Noise ratio (SNR) which is equal to the integrai of the noise spectrum normalized to the 

squared amplitude of the output signal. This equation is very convenient to compare the perfor- 

mance of different oscillations when a PÇD is not easily available. For an SNR = 40dB. the max- 

imum r.m.s 0, allowed is * = 5.73 degrees. 

Accumulative Jitter inside the PLL 

Timing jitter in a ring-oscillator PLL not only depends on the interaction of noise in the oscillator, 

but also on the dynamics of the PLL. In the VCO. each timing error determines the starting point 

of the next oscillation cycle which, in tums, creates a permanent phase shifr in the overall output. 

If the VCO is configured in a PLL. however, the phase difference between the reference dock, fM 

and the prescaler's output is detected and compensated by the dynamics of the loop. The phase 

detector will then sense the shift and initiate an error signal to change the frequency of the VCO in 

a such way that moves the phase of the output to minimize their difference. 

Since the amount of phase adjustment is usually small, the phase error cannot be corrected 

in one dock cycle but is reduced gradually over several cycles. The phase enor may accumulate 

up over several hundred cycles, depending on the bandwidth of the loop filter. 

In order to estimate the accurnulated r.m.s. jitter, we assume that the PLL has a sequential 
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phase detector, which can be represented by a simple discrete-time model as shown below. 

Prescaler 
1 VCO Noise 

VCO Noise 
after P U  

Figure 2.9 A simplified discrete model of the PLL with phase noise injection 

r - - - - - - -  1 Ipd : From Phase Detector 
I 

- 
T b Vlp : TO VCO 

Figure 2.10 A second order lead-lag filter used as the foop filter 

In most PLL designs, a second-order loop filter is used and its transfer function is given by, 

1 where the DC gain of the filter. a = - 1 
, a zero, n l  = - . and a pole. p ,  = 

C I  + CP . In 
C P  CIR CICPR 

most cases, the capacitor C p  does not affect the bandwidth of a PLL and can be neglected for sim- 

plicity. In this case. HI,,(s) is reduced to 
a ( s + n , )  

where a = R and n l  = I/RCI . Before we 
S 

derive the z-domain transfer functions, let us assume that the sarnpling frequency, I f l ,  which is 

severai tirnes of the VCO's maximum frequency, Le. l/T )> f,, , is much greater than the pole fre- 
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quency of the Ioop filter, Le. n , T  u 1. Applying the Forward-Euler transformation' (Le. 

2 -  1 = - 
T 

) and the condition, n , T 1 . to (2.2), we obtain the transfer function for the phase jit- 

ter as, 

where E = KpdKvconT/N and E « 1 . 

The phase jitter from the VCO c m  be modeled as a sequence of unit step phase jumps 

with random magnitude. A single phase jump at time kT can be represented [22] in Z-domain by. 

The magnitude of each error step is Atk . And hence the output jitter is, 

For al1 events up to time MT. the sum of output phase shifts is represented by, 

To find the r.m.s. output jitter, the expectation of its squared value can be calculated as 1221. 

provided that Ar, and Arl are not correlated when k it I . 

1. Forward-Euler Transfomation maps the j o-axis to a shifted z-plane. which is often used in modeling 
highly oversampled systems, such as PLLs. 
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~ . 5 ~ 2 7 t  The r.m.r. accumulateci phase jitter ir. ,,/E[BO,(nr)li = F- = && = a& wwhere 
2& T 

8, can be obtained from (2.16). and a = 4F J-i is dcfined as the accumdation factor. 

In conclusion, the r.m.s. timing jiner in a PLL is a times larger than the inmnsic jitter in 

the VCO. The accumulation factor a is inversely proportionai to the square-root of KPdKVCsT 

and in this case shows little dependency on CI and Cp Therefore, as long as Cp CI and stabil- 

ity requirements are met [23]. the jitter accumulation factor c m  be lowered by increasing the 

bandwidth of the loop, oL = KPdK,,,a . This result is a guideline for use during the design of the 

loop filter. 

- - - -  - - 

2.3 Prescaler in the Multi-Modulus Divider 

The term "prescaler" refee to a non-progrmable divider with a high operating frequency. The 

challenge in designing a prescaler is to minirnize the power consumption of the programmable 

divider while allowing the use of higher VCO frequencies. High-speed prescalers are often con- 

structed in a fast Iogic family like Bipolar ECL but seldom in CMOS. 

The prescaler is the feedback element that forces the VCO output to be a multiple of the 

reference frequency. Just as in any negative-feedback system with enough forward-path gain, the 

transfer function reduces to the inverse of the feedback element. In the case of the PLL, this 

forces the input frequency to be scaled up by the division ratio of the prescaler which may or may 

not be a constant integer. For the case of the fractional-N frequency synthesis. it is not. 

Problems arise if the maximum operating frequency of the VCO is faster than that of the 

prescaler. For instant, if the VCO begins to oscillate at a frequency beyond the range of the pres- 
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caler, the output of the prescaler will either be a constant or possibly the natural frequency of the 

divider, which are both slower than the refennce frequency. The loop will respond by forcing the 

VCO to oscillate faster until the output of the loop filter becomes saturated and the VCO is 

trapped at its highest output frequency. As the prescaier must operate at a frequency higher than 

that of the VCO, this circuit is not trivial. The speed of the prescaler is the ultimate limiting factor 

in the design of most frequency synthesizers. 

Conventional Dual-Modulus Divider 

Divide-by-32 

Figure 2.1 1 A traditional dual-modulus(l2#129) divider 

A common high-speed dual-modulus divider [24] consists of a synchronous divide-by45 and an 

asynchronous divide-by-32 circuit as shown in Figure 2.1 1. The synchronous divider is the only 

part which always operates at the maximum frequency. If the Ctrl is low, the intermediate fre- 

quency f4 generated by the two D-flip-Rops@ 1, D2) will equal one-fourth of the input frequency, 

f,,. The asynchronous dividers at the bottom will divide the f4 by 32 so that the output frequency, 

fdir equals 1/128 of the f,,. On the other hand, Divide-by-129 is accomplished by setting the 
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mode input high. As a result, whenever the asynchronous dividers reach a count of 127, the syn- 

chronous divider goes through an extra delay, D3, resulting in an additional count. So the last 

count will be a divide-by-5 and the total division ratio will be 129. 

The main drawbacks of this kind of prescaler design are its speed and power consumption. 

The NAND gate inside the critical path of the synchronous divider can never be elirninated com- 

pletely. Another senous problem is the synchronous divider which includes three fully functional 

D Rip-flips. They consume large amount of power for their high frequency inputs. As a result, 

this kind of dual-modulus prescaler always have a slower operating speed than that of a complete 

asynchronous divider. 

Full-Speed Prescaler 

A dual-modulus prescaler proposed in [25] is shown in Figure 2.12. It consists of two high-speed 

divide-by-2 circuits, a phase-selector, and six low-speed divide-by-2 building blocks. The two 

right-most dividers are optimited for the high-speed divide-by-2 operation. The dual-modulus 

operation is based on the fact that a 90-degree phase shift of a divided-by-4 signal is equal to one 

clock cycle of the input signal. A delay of a complete input-dock cycle can be controlled. In 

other words, a division ratio can now be changed from N to N+i . We can extend this idea to gen- 

erate division ratios of N+2, and even N- 1. 
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fdiv t 

t 
High Speed Divde-Ely4 

1 phase Modulator 

Channel Select 

f4 -fl 

t Half Speed 
Divide-By-2 

Asyn-64 
Divider 

Figure 2.12 Full-speed multCmodulus (255/256/2511258) prescaier 

High-Speed Divide-by-2 Divider 

As this divider has to operate at the highest possible speed, a fast structure must be used. Some of 

the proposed structures make use of the CMOS dynarnic D-flip-flops[26] or the level-triggered 

- 

4 

Full Speed 
Divide-By-2 ' 

latches[27]. However, they operate with a 5V power supply, and their speed decreases drastically 

, f,, 0/90/ 1 80/270 
Phase Selector 

otes f4.phc 

f : 

at a Iower voltage. 

Figure 2.1 3 Half-speed master-slave divide-by-2 (The full-speed divider is the same as the above 
except only the O and 180 outputs are used) 

We make use of two D fiip-flops configured in a master-slave style to implement the 

divide-by-2 as shown above. In order to run at the maximum speed, a differentiai signal, f,,, is 

fed to the first full-speed divide-by-2 (See Figure 2.12). The second divide-by-2 reduces the fre- 

quency down to one-fourth of the original frequency. Since they are ninning at frequencies off,, 
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and fvco / 2, they have to be fast and simple. Because we only need the divide-by-2 operation, a 

fully functional flip-flop is not required. A simple latch and hold is sufficient for this application. 

This circuit will be discussed in detail in the next chapter. 

Phase Selector 

The principle of emulatïng different division ratios is best illusuated by the timing diagram as 

shown in Figure 2.14. 

Reference 
rising edge 

Frequency input of the prescaler, fvco 

Phases at the output of the divide-by-4 

Division 3 
C 

Ratio P, 
Phase changes 
from 0' to 

'-+ + 1 cycle 

Figure 2.14 Phase selection principle 
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If the phase selector stays in one of the phases. the overall division ratio will be 

2 x 2 x 64 = 256. A divide-by-(256 + n) operation is made possible by delaying or advancing 

one of the rising edges within a complete 256-division cycle. The time of delaying or advancing 

is controlled by the phase modulator. The beauty of the circuit is its simplicity to emulate the 

required division ratio. However, we have assumed severai properties which are criticai when we 

design the dividers. 

Design guidelines to be taken: 

1 ) The time delay, rd,rpi. from the reference x-ising edge to the phase change has to be constant. 

2) The output waveform of the full speed and half speed dividers has to be symmetricai, i.e. 50% 

duty cycle. 

3) The functional speed of the asynchronous-64 divider is no greater than 1/2 of the input fre- 

quency, fvco. Of course, it must also be able to toggle faster than 1/3 of the fvco, mainly for the 

N-1 division. 

Owing to guideline 3. we design the asynchronous-64 divider to be a senes of six fully 

functional Rip-Rops whose maximum speed, f-, must be set and verified by Spice simulation to 

ensure 1.1 x f ,,/3 < f,, c f,, 1 2. A margin of 10% has been taken into account. 

Low-Speed Asynchronous Frequency Divider 

The low speed divide-by-64 divider consists of a chah of six simple D-latch flip-Rops (DFFs). 

By connecting the inverted output of each DFF to its input, the DFF acts as a simple divide-by-2 

circuit. It is cascadable and requires the least amount of circuiîq. Therefore it can operate at the 

highest speed while consurning a reasonable amount of power. The maximum operating speed is 

about one-half of the f,,, so a standard and asynchronously resetable fiip-flop can be used. 
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2.4 Phase Modulator 

The phase modulator is the core of the fractional-N synthesis. It generates the fractional division 

ratio, 0.g , by distributing a series of integer outputs whose average over time equals the desired 

fractional value. The simplest type has been discussed in the previous chapter. However, in order 

to achieve a better spurious performance, more advanced concepts based on the oversampling 

delta-sigma techniques need to be applied. 

First-Order Modulator 

Integrator e4(d 
r - - - - -  7 

- 
- I - 

I 
+ gtz) 

I - 
1 1 -b quantizer l 

Digital 
Implemen tation 

Figure 2.1 5 A typical +bit delta-sigma modulator and its discrete-time model 

If the analog-to-digital converter (ADC) and digital-to-anaiog converter (DAC) are 

assumed to be perfect, the only error introduced by these components will be the quantization 

noise. It is uniformiy-distributed and has a variance ( a2 ) of L S B ~ / ~ ~ .  where LSB is the leas sig- 

nificant bit. If the Ioop gain is high, the output voltage, g(z), will track the input voltage, k(z), for 
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al1 frequencies within the close-loop 3dB bandwidth. The quantization is also suppressed over the 

same frequency range. The sarnpling rate F, is usually much greater than the close-loop band- 

width used. 

If the channel select in Figure 2.1 is analogous to the input voltage in Figure 2.15 and the 

division ratio control (e.g. the output of the phase modulator) is andogous to the output of the 

quantizer, the delta-sigma techniques c m  be applied directly to achieve the spurious rejection 

needed in the fractional-N synthesis. Since the channel select has already been given in a digital 

fom, k, the ADC and DAC are not required. The integrator can also be implemented digitally as 

an accumulator. The 1 -bit quantizer output is actually the carry-out (or overflow) of the accumula- 

tor. Based on Figure 2.15, the system transfer function in z-domain is given as, 

which represents a first-order digital highpass for the quantization error sequence. Any high fre- 

quency content present in the error sequence are then reduced by the loop filter of the PLL. 

Third-Order Modulator 

In order to improve the spurious suppression, we choose a third-order delta-sigma modulator 

architecture to implement our phase modulator. It is constructed from a cascade of three first- 

order modulator ( 1 - 1 - 1 ) as discussed in the previous section. This architecture was first proposed 

in [29] and is shown in Figure 2.16. In fact, the earliest form of the multi-stage modulator is 

based on adding coefficients from different rows of the Pascal triangle (Coefficients of polynomi- 

als drawn inside a triangle) to the basic N/N+ 1 patteml301 [3 1 1. The average division ratio inside 

the pattern does not change because the coefficients of the Pascal triangle in a singe row are 
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always zero-mean and symmetric. Yet, the spurious noise components are noise-shaped as if a 

delta-sigma modulator. 
f l f  ZI 

Figure 2.16 System diagram for a (1-1-1) modulator which feeds fornard the enor 
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Similar to the first-order modulator, the quantization noise of e,(z), n= 1.2,3, is assumed to 

have a unifom distribution with a:; = 1/12. The system transfer function of the third-order mod- 

ulator c m  be denved as follows: 

For each first-order moddator , 
1 

The fractional division ratio of a 1 - 1- I third-order moduiator is. 

As the division ratio is applied to the PLL. the oscillation frequency of the VCO is. 

where N is the integer division ratio of the prescaler. 

The first term of (2.25) is the desired frequency. while the second term represents the fre- 

quency noise due to the modulator. We can examine the phase noise performance by calculating 

the Power Spectral Density (PSD) due to the second term of (2.25). First of d l .  we define the fre- 

quency noise asflz) and its PSD is given by. 

J ref 
2 ( 1  -Z-'16 - 

12 
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Applying the frequency to phase relationship, @ ( t )  = 2 x j  f ( t ) d t ,  and a simple rectanguiar 

integration in the z-domain yields, 

The PSD of the phase noise is, 

Furthemore, we can generalize the above equation for an n-th order rnodulator, 

The PSD in the frequency domain is, 

Usudly the subreference frequencyl, f, is small compared with fe. The above equation can be 

further simplified as below. its plot has been shown previously at the beginning of this chapter in 

Figure 2.2. 

The equation (2.3 1 )  shows that the rising dope of the phase noise from a second-order modulator 

1 .  Subreference frequency is the fiequency around the camer reference. 
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is 20dB/decade, and that from a third-order modulator is 40dBldecade. Therefore, the noise is 

attenuated to negligible levels close to the carrier. However, hirther from the carrier, the noise is 

not attenuated and must be filtered pnor to the VCO by the loop filter. 

lnterfacing with the phase selector 

As the phase modulator can only provide the information of the fractional frequency control. g(z), 

we still need to design a phase 

Asynchronous 
divide-by-64 

register to shift the phase properly, as shown below. 

1: q- 90' (frorn the high-speed 
w =  180' divide-by-4) 

-& ) 1 Phase register (Accurnulator) 

From the phase modulator 

Figure 2.17 lnterfacing the phase selector with the phase register 

The phase degree is cyclic. The required phase shift is always given by adding the previous 

degree to the current one and then taking the modulus of 360'. Furthemore. the phase shift c m  

only occur during the rising edge of f4. Al1 of the above operations are implemented by a simple 

accumuiator. The corresponding phase shifts in binary form are shown in the following table. 
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2.5 PhaseIFrequency Detector and Charge Pump 

Phase Detecton (PD) are also referred as Phase Comparators. It is not a device that "senses 

phase". but rather it compares the phases of two signals and ideally provides a signal that is lin- 

early related to the phase difference. There are many types of PDs to choose from in the design of 

a frequency synthesizer. A surnmary of two typical choices is given below. 

Four-Quadrant Multipliers 

This type of PD provides a signal that is proportional to the phase difference between two signals 

by rnultiplying the two input signals together. This type of PD is sometirnes referred as a linear 

phase detector. The PD properties of a multiplier can be seen through the following trigonometric 

i den tity . 

Visin (Oi) Vo COS (a,) = 0.5 V i  Vo[ sin (ai - a,) + sin (<Pi + Oo)]  (2.32) 

For small differences in phase, the first sine hinction on the right-hand side can be approx- 

imated as ai - a, which is proportional to the phase difference with the gain defined to be 

0.5ViV,. The second sin(.) hinction results in a signal at twice the frequency of the input signal 

and is typically removed by a simple lowpass filter. The output of this PD is a sine-wave with 

multiple zero phase values, half with a positive dope and the other half with a negative slope. 

This is shown in Figure 2.18. This property allows the user to negiect the relative polarity of the 

input signals in a multiplier PD because positive feedback will always force the loop away from 

the unstable operating point and towards stability. 
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-1.5 - 1 4 . 5  O 0.5 1 1.5 
Phase Wenmce (ml oi PI) 

Figure 2.1 8 Multiplier phase detector transfer function 

Except for special applications like Iow-noise tracking filters, the linear phase comparator 

is not the best choice for a PD because the gain of PD changes with the amplitude of the input sig- 

nal. Equation (2.32) shows that the output signal amplitude is directly proportional to the input 

signal levels due to the rnultiplying function. If the amplitude of either signal varies due to 

changes in temperature or power-supply voltage, the PD gain will Vary as well. These changes 

will alter the loop characteristics and may cause the Ioop ro become unstable. 

It might seem that this PD has an advantage by providing a continuous phase-error signal 

through a complete cycle, however, if the VCO signal passes through any type of digital circuit 

such as a prescaler, the signai will be "squared up" and there will only be the phase information at 

zero crossings. Furthemore, if the divider does not provide a 50% duty cycle. then the phase 

information will be vaiid only at the rising edge. 

Sequential PhaselFrequency Detector and Charge Pump 

A three-state phase/frequency detector (PFD) is a very robust circuit. Not only does it provide a 

linear input range covering 4x radians, it aiso provides frequency information to the 100p. A typ- 
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ical arrangement is shown in the figure below. 

Phasdfrequency detector 4 Charge pump 

Figure 2.1 9 Three-state phasehequency detector and charge pump circuit 

Figure 2.20 State diagram for the phase/frequency detector 

As the name implies, the phase-detection operation of the above PFD can be described 

with a three-state machine as shown in Figure 2.20. The rising edges of the input signals cause 

the circuit to move from one state to the next. For example, if the state machine is initially in the 

idle-state, the outputs of the PFD shall be both low. The frequency of the VCO is not changed. If 

the VCO decreases in frequency, the rising edge from the reference, V*, will arrive, more often, 

before the rising edge from the prescaier, Vdiv . In case the rising edge from the Vref is first seen, 

the state machine moves to the up-state. This tums on the charge pump Id,, to pump the current 

out from the capacitor, CI. The control voltage. V,,,, is then decreased, which. in tums. slows 

down the VCO. This completes the phase correction for a positive error. For a negative error, 
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the phase correction occurs in a similar procedure but the roles of VMand Vdiv are reversed. 

The gain curve of the PD is shown in Figure 2.21. It is linear from -21tN to + 2icN and 

repeats itself every 4nN where N is the division ratio of the prescaler. The gain is easily calcu- 

lated to be, Kd = VH - VL 
2scN . At high frequencies. the range of this PD is reduced frorn t 2 x N  . 

but the gain remains constant[28]. 

Figure 2.21 Gain curve of the thr-state PFD 

This circuit is not without its disadvantages. Of pnmary concern in this type of phase 

detector is the crossover distonion, and the changes in gain that can occur near zero phase differ- 

ence. This is the so-called "dead zoneW[33]. Since a PLL forces the oscillator to operate in this 
p p p p p p p p p p p p p - - - - - - - - - - - - - -  

- - - - - - - - - 

zero-phase region, the loop gain c m  also 

be reduced (possibly to zero or even cross- Reference Time 

t 
ing over and changing the negative feed- IUP 

back to positive feedback). The result is Current t0 
Capacitor 

+ 
Phase Difference 

that the VCO output can wander around 
Id, 

this dead zone without sending any error 

signal to the loop and therefore increases 

phase noise. 
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A secondary concem is the lirnit of the maximum operating speed which is dominated by 

the reset operation of the DFFs. Even the simplest type of the conventionai PFD[12][32] has to 

contain nine gates as shown in Figure 2.22. For example. if Vd, has aiready been high and a pos- 

itive-going edge of V&arrives, the output of the NOR5 will go low. which forces the output of 

the four-input NORI, RST. to becorne high. This RST signal propagates through NOR2, NOR4, 

NOR1 and retums to the output of NOR1 agaic. Th= critical path includes these four gate delays 

for resetting. The maximum operation frequency is limited by approximately twice the self-ter- 

rnination time of the RST puIse[32] which is about eight gate delays. 

Figure 2.22 The th-state sequential phase detector based on NOR gates 

Precharge-Type Phase/ Frequency Detector[34] 

Instead of storing the state of the phase information into a static register, this type of PFD stores 

the state at a precharged node. The advantage of this circuit is its high resolution for detecting the 

phase difference. For a high-speed fractional-N frequency synthesizer, precision in detecting a 

phase difference is important. Recall that the divided frequency is sent from the prescaler and the 

division ratio can Vary from N - l  to N+2. The PFD is required to distinguish a change of division 

ratio from N to N+ I ,  which occurs in only one fvco cycle, or 1.25 ns in our design. 
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(a) Complete phaselfrequency detector 

Positive 
(b) phase error 

Negative 
phase error 

(c) Half circuit of the PFD (d) State diagram 

Figure 2.23 Phase detection by the precharge-type phaselfrequency detector 

The complete PFD consists of two half PFDs cross-coupled together as depicted in Figure 

2.23(a) and (c). Each half PFD is implemented using Tme-Single-Phase Clocking (TSPC) logic 

which precharges and evaluates the phase difference between the two input clocks. It maintains a 

state diagram, Figure 2.23(d), similar to that of the three-state PF'D. However, the number of tran- 

sistors needed is oniy one third of those needed by the three-state PFD. 

Let us first look at the UP block and the timing diagram of a positive phase error shown in 

Figure 2.23(a) and (b) respectively. The node Vu] is precharged while the Vmf stays Iow. If the 

Vdiv signal does not rise within the precharge penod, Vul remains high, which causes Vu2 to follow 

Vmf and transit to low. Therefore an UP signal is generated in V,,. After the rising edge of VdiV 
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VuI is discharged, which deactivates the Vup signai. The pulse width of the Vup signal is thus pro- 

portional to the phase difference between V4 and Vd, For the case of a negative phase error. VuI 

is also precharged while VM stays low. Vd, then rises before Vref Vul is discharged immediately 

at the rising edge of the Vref This transient drives the VU2 back to high. So. no UP signal cm be 

generated in this case. 

The inhibit input, INH. is used to reduce the gate skew and to detect the frequency differ- 

ence. Assume that there is no INH pin. There will be small pulses in VW and V' even if the two 

clock inputs are in-phase. The INH irnmediately discharges the node V",I of the same block ( e g  

UP Block) after the precharge period when the Vdir of another block (e.g. DOWN Block) becomes 

active (Le. high). This helps Vdir settle faster. The frequency detection is accomplished by the 

sarne principle. The timing diagram for frequency acquisition is shown below, for the case when 

V4 is at a much higher frequency than Vdiv . 

1 1 

1 

l I u Evaluation 
! period for 

i 

1 \ I 

I , Evaluation 
\ I I 

period for , 
Inhibited by Vup ' DN block , I 

Figure 2.24 Waveforms of the precharge-type PFD during the frequency acquisition 

Refemng to the above diagram. we see that although the second Vdiv pulse arrives earlier than the 

fourth VMpulse, the false DOWN signal is inhibited by the preceding Vup signal because of the 
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cross-coupled connection shown in Figure 2.23(c). 

2.6 Loop Filter 

This is probably the simplest building block in the frequency synthesizer. However, it provides 

the designer many choices to control the dynamics of the PLL and different performance charac- 

teristics, for example. the spunous level, the lock-in time and the overshoot, cm be obtained. 

Generaily speaking, the narrower the loop bandwidth. the lower the spurious level but the longer 

the lock-in time. 

A second-order loop filter is required for locking a linear input. The calculations of the 

appropriate pole location and the values of the circuit elements cm be found in [12]. Some of 

important equations are shown again for clarity. 

- 4 Charge purnp 

I 1 Prescaler 
VCO 'ft I -1 IN : ! ' 

Q lCh 
and loop filter 

\ 

Figure 2.25 The output of the loop filter as the transfer function 

The transfer function of the loop is 
V , ( s )  d - s K p d H / p ( s )  

( s )  + K p d K v c o H i p ( s ) / N  
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By sening the quadratic term and the linear term in the denorninator of (2.33) equd to 11 oz and 

l/o,Q, respectively, the bandwidth of the PLL is o, = - - and the Q-factor is 

2xN . Nonetheless, the capacitor Cp is neglected in the transfer func- 

tion, whose size is about 1/10 of Ci. It is not included for changing the dynamic of the PLL but 

serves as a de-glitching capacitor when either one of the current sources in the charge pump, IUp 

and Id", first switches on. The Q-factor will inevitably be enhanced by this additional Cp We cm 

take this into account by setting a lower value for Q, typically down 20%, and then calculate the 

size of CI from o, as well as the value of R from Q. The size of Cp is chosen at 1/10 of the size 

of Ci. 
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Circuit Design 

This chapter describes the circuits inside al1 the building blocks of the frequency synthesizer and 

the down-conversion mixer. First of dl .  the system block diagrarn is shown in Figure 3.1. 

vvco-O O,90 O 

b 1 
\ 

VCO 
b 

1 

\ 

Bias vvco-45 O, 1 35 O 

1 1 Phase Modulator 1 1 

1.Q-iF outputs 

1 Rvm 1 VCO tuning &tor 1 
1 - k (ch; nnel select) 

Figure 3.1 A system block diagram of the frequency synthesizer and the mixer 
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This system is a mixed-signal design. The analog pan of it consists of a wide-swing con- 

stant-transconductance bias circuit, a voltagecontrolled oscillator (VCO), and a fullydifferential 

mixer. The digital part consists of a multi-modulus divider, a phase modulator, a phase detector, 

and a charge pump. In order to balance the i n t e w o n  and the testability, some of the low-fre- 

quency componenü are connected extemally and different sections can be evaluated indepen- 

dentl y. 

The two off-chip drivers at the topleft corners in Figure 3.1 are 0'- and 90°-ourputs of the 

VCO. OscoO,wO, which are primarily designed for testing purposes. Another pair of 0'- and 90'- 

outpuü of the VCO, V,o.oO,wO, are multiplied together to provide a doubled frequency to the in- 

phase a m  of the mixer. A third pair of the VCO outpuü, Vvco-45J,1350, are also multiplied sirni- 

larly for the quadrature-phase arm of the mixer. The demodulated signai from the incoming W 

can be obtained frorn the IFI and IFQ pins. Al1 afore-mentioned sipals are fully differential. 

An output of the VCO, V,. passes through a high-speed latch which is the buffer marked 

with an "1"-sign inside. Positive feedback in the latch regenerates the sinusoidal shape of V,, 

into a full-scale digital signal before the signal is fed into the multi-modulus divider. The output 

of the multi-modulus divider is then delivered to the digital phase/frequency detector (Pm). The 

Pm drives the charge pump and delivers the error signal to the VCO. 

A note about naming conventions for the transistors: 

A transistor is always in the form of AI1 properties of the transistor are then narned with 

the corresponding "number". For exarnple. the threshold voltage of die transistor Ml is called 

Vth, and the gate-to-source voltage of this is cailed Vgsl. The effective gare voltage. Ve., is equal 

to V,,, - Vthl. This naming scheme will be applied implicitly throughout the following sections. 
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- -- - 

3.1 Wide-Swing Constant-Transconductance Bias Circuit 

The bias circuit, which is shown in Figure 3.2, has incorporated a wide-swing cascode current 

rnirrors [35] into a constant-transconductance ce11 [36]. The cascode current-rnirrors provide a 

high output-impedance without severely limiting the signal swing. The use of the constant- 

 ansc conductance ce11 maintains the transconductance of the analog circuit to match with the con- 

ductance of the bias resistor, Rb = RI + R2, and is ideally insensitive to the power-supply, process 

and temperature variations. 

Figure 3.2 Wide-swing constant-transconductance bias circuit 
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Veff = 0.35V 
lbias = 0.1 mA 
gm = 520uiW 

Rb = R I  + R2 = 1.4K 

M l  = 32/03 
M2, Ml 1 = 810.8 

M3, M4, Ml 0 = 8/1.2 
M6, M7, Ml 3 = 32/1.2 
Mg, M10, Ml2  = 32f0.8 

M5 = 2/1.2 
M8 = 8/1.2 

M l  5, M l  6 = 810.8 
M 1 7 = 2/20 
Ml8  = 010.8 
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Basically, there are three important building blocks in the bias circuit. 

1. The constant-transconductance ce11 contains two cascode current mirrors which are connected 

rail-to-rail, and uses positive feedback to stabilize the current generated by the bias resistor. 

2. The circuitry enclosed by the doned lines is the n-MOS side of the wide-swing cascode cur- 

rent mirror. The p-MOS side, M6-M10 is similar to that of the n-MOS but is flipped upside 

down and scaled according to the mobility ratio. Wide-swing cascode current mirron are 

important to a low-voltage design when a high gain and a wide swing are essential. The 

allowable signal-swing is from V' + 2 * b ,  to Vdd - 2 * VG [37]. For example, if Vd = 3V. 

V, = OV ,and VG= 0.35V, we shall have a maximum signal swing of 3 - 4 x 0.35 = 1.6V. 

3. There are two stable states in the bias circuitry. One is the normal bias condition while the 

other one is that no current exists in al1 branches. The stamip circuitry injects current into the 

constant-transconductance ce11 by pulling the bias lines, Vpl and VpZ, down to V,, when the 

circuit starts functioning. After the bias currents have k e n  established. the invener, MI7 and 

Ml switches off MIS and Ml and completes the startup process. The on-resistance of MIT 

is chosen to be high (i.e. smaller W/L) so as to reduce the idle DC current. 

The size of the bias resistor, Rb. can be found by applying the Kirchoff's-voltage-law 

(Km) around the loop created by Ml, Mp and Rb. 

'ggs2 = 'gsl + 'biasRb 

To a first-order approximation, assurning thai the threshold voltages. VthI and Vtm. are 

equal, we can calculate Rb as, 
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If the body effect of Ml is included. i.e. Vgsl = VePI + Vih + AV,,, , we shall need a smaller 

b i s  resistor because, 

We revise the size of the Rb by substitutingl y = 0 . 6 ~ ' ~  and 2 0 f  = 0.7V into (3.2). The 

second terni, y / ( î J 2 Q f ) ,  in the bracket is found to be 0.36 and thus the new value of Rb is 

1.3K. The Hspice simulation shows that Rb should be 1.4K. 

Apart from the body effect, the mobility degradation will also corne into effect when the 

temperature nses. This affects the gate-effective voltage and hence the signal swing. Detailed 

discussions can be found in [37]. 

The circuit was designed using a Veof 0.3W The chosen V& is a bit higher than typical 

in order to give an improved noise rejection for the voltagecontrolled oscillator[38]. 

1 .  Al1 nominal parameters are extracted from the level-3 mode1 of the HP 0.5um process. 
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Bias Current versus Power-Supply Voltage 

To demonstrate the stability, the bias circuitry from the extracted layout was simulated 

using Hspice. In Figure 3.3, the bias current is plotted against the power-supply voltage. 

Figure 3.3 Bias current from the wide-swing constant-transconductance bias versus the power- 
supply voltage 

3.2 Four-Stage Ring Voltage-Controlled Oscillator 

Delay Cells and Buffers 

1 (off-chip) 

Figure 3.4 Voltage-controlled oscillator 
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A block diagram of the voltagetontrolled oscillator (VCO) is shown in Figure 3.4. The 

high-gain opamp, O,, in the VCO converts the input voltage, Vctl (from the charge pump), into 

current which is given by IR]  = Vcrl / R I .  The current is then mirrored by a wide-swing current 

mirror. Four delay cells are connected as a ring oscillator. Each delay ce11 provides a delay of 45' 

for a total delay of 180'. The additional 180' phase shift cornes from a cross connection between 

D4 and Dl. The use of an even number of delay cells is advantageous because quadraturely- 

shifted versions of any output signal are available. As we shail see in the mixer design, one of the 

applications is to multiply two of the quadrature signals and obtain a doubled frequency[39] 

because sin ( 2 ~ )  = 2sin (a) cos (CO) . The effect of the power-supply noise on the oscillation 

frequency can be rninimized by means of a fully-differential design and. thereby, reduces the 

phase jitter. 

Single-Ended Folded-Cascode Opamp (0,) 

Figure 3.5 S ingl~nded folded-cascode opamp 
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The input stage of the VCO contains an NMOS transistor driven by a single-ended folded-cas- 

code opamp, 0,. which is shown in the Figure 3.5. The folded-cascode structure is well-known 

for its high speed and high gain. In addition, by using the wide-swing current bias, the output sig- 

nal swing is not lirnited seriously. Some of the design equations related to the opamp are summa- 

rized[37][40] as follows. 

Voltage Gain 

Low-frequency gain: A, = g, r,,, (3.3) 

Mid- and high-frequency gain: A, = gml(rout II ( R ~  + &)) 

Notice that there is a zero, ILRICI, due to the lead-compensation resistor, RI. A reason- 

able value of the zero frequency is about 1.2 tirnes[4 1 ] the unity-gain frequency, gml/CI. 

Unity-gain frequency and Slew Rate 

'06 SR,  = - 
Cl 

The Hspice simulation results are shown in the figures below. From Figure 3.6(a), the 
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low-frequency gain is found to be 70dB. The phase margin is 90° at the unity frequency of 

1OOMHz. In Figure 3.6(b), the slew-rate is shown 
S I ~ C L C . C ~ U C O  ~ O L D C D - C ~ S C O O C  O*-LI. 

Figure 3.6 Simulation results of the single-ended folded-cascode opamp 
(a) Frequency response (b) Step response 

Delay Cells and Buffers (Dl, D2, D3, D4) 
Delay 
Ce11 

- To 
Next 
Delay 
Ce11 

Vin+ 
Vin- 

Buffer Buffer 

To 
Mixer 

(Only Ou's and 90°'s 
Driver 

outputs are needed.) 

Figure 3.7 Schematic of a delay cell and it buffers 

A delay unit which consists of a delay ce11 and three buffers is shown in Figure 3.7. Given a high 

oscillation frequency near the GHz range. the driving capability of a single CMOS delay ce11 is 

often very low. A series of buffers is necessary to provide enough gain for driving output signals. 
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Delay Cell 

c~>q- py; 
"out- 

Figure 3.8 Differential delay cell 

The delay ce11 is a differential pair with an NMOS load on top of a common-gate current driver, 

M3 and M4, as shown in Figure 3.8. The bias current, ID7, is set by the input stage via the current 

rnirrors and the V, terminal. The common-gate driver provides the differential pair, Ml and M2, 

with low-impedance nodes to charge and to discharge their output nodes rapidly and hence to 

achieve a higher oscillation frequency. In addition, it acts as a current driver for the primary 

buffer. The bias voltage, 0 , is tapped from the drain of M9 in the bias circuit as  shown in Figure 

3.3 to ensure that M3 and M4 are always in their saturation mode. A pair of diode loads, M5 and 

M6, converts the current into voltage and drives the buffer stages. 

The first step in designing a ring oscillator is to ensure that each delay ce11 has a gain 

greater than 1 at its pole frequency because the ring oscillator needs to have enough gain to start 

the oscillation. The DC gain, a, from Vin to V,, is approximately g,, / gd. Since the 45' of 

phase shift occurs at the dominant pole with a gain of a , /& ,  the DC gain has to be greater than 
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f i .  Thus. a proper ratio of WI and Wg is given by 

The second step is to determine the oscillation frequency. The period of oscillation cannot 

be easily represented in a complete expression. However, a simplified expression can be obtained 

by exarnining the phase delay of each delay cell. We model the transfer hinction of a single delay 

cell as a first-order system which is given as, 

The position of the pole location depends on the load capacitance at the nodes, V,,,+I-, and 

the impedance looking into the sources of common-gate amplifier. Since each delay ce11 contrib- 

utes 4S0, or ir/4 radians of the phase lag, the oscillation frequency, f,, which produces the 

desired phase-lag, c m  be estimated as, 

In fact, the above estimation has not predicted the amplitude of the oscillation. nor the 

asyrnmetry of the output signal. A more accurate model may predict the delay as a combination 

of the time it takes for the load device to pull up the output node, including the effect of changing 

the transconductance, and the time required to charge and to discharge the output nodes. V,,,,- 

[38]. An analysis of a simpler case has been done by [4 11. The result obtained from (3.8) is valid 
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as long as the slew-rate limiting has not occurred. If the slew-rate Iimiting, SR, = ID+, . had 

occurred and we assumed a full Iogic level was 3V. the oscillation frequency would have been 

1 -  
f , = - -  1 - - - - - -  '~7 - 40u - 1.33GHz . Therefore, it confirms that the 

r, ( V p p / S R , )  Vp,CL 3 ( W  

slew-rate Iimiting does not occur prior to the dominant-pole frequency. 

Figure 3.9 Gain cuwe of the VCO 

The frequency of oscillation, simulated from the extracted Iayout, is plotted against the 

control voltage, as shown in Figure 3.9. The center frequency can be changed from 425MHz to 

890MHz with a 465MHz tuning range. In Our design, with a reference frequency to the PLL, 

fie. = 3.2MHz, and a division ratio of the multi-modulus divider. int(N) = 256, the targeted tuning 

range is around 820 k25 MHz. 
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Primary buffer and secondary buffer to the mixer 

Figure 3.1 0 (a) Primary buffer and (b) Secondary buffer to the mixer 

The pnmary and the secondary buffer contain similar Ievel-shifts and gain stages, as shown in 

Figure 3.10(a) and (b) respectively. The pnmary buffer isoiates the feed-through from the output 

stage back to the ring oscillator. Signals from the ring oscillator. &+,-, are amplified as they p a s  

through differential pairs in the primary and secondary buffers, and are then level-shifted to d i v e  

the switching transistors in the mixer via V,,,ph,,+,-. Another pair of level-shifted outputs from 

the primary buffer, VVI,,+,*, is connected to a Iatch which is shown in Figure 3.1 1(a). The latch uti- 

lizes positive feedback to conven the oscillation waveform into a full logic level for the input of 

the prescaler. As shown in Figure 3.1 1 (b). a 50-ohm output buffer is a high-current driver for off- 

chip probing. It can provide up to 6mA, peak-to-peak, to an extemal termination resistor which 

can be a discrete one, or the termination resistor inside the oscilloscope. 
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Secondary buffer to the prescaler and off-chip driver 

Figure 3.1 1 (a) Latch to the prescaler and (b) Sû-ohm off-chip driver 

Figure 3.12 Wavefonns of different outputs: (a) V,,, (b) V,-,. (c) Viat+, and (d) 0sco4 

Figure 3.12 shows the simulated waveforms from different outputs of the VCO oscillating at 

800MHz with an input voltage, Va[, of  ISV. Each output node of the off-chip driver is assumed 

to have a 2pF capacitor (only for Hspice simulations) that emulates the capacitive load of the 

package pin. 
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3 Down-Conversion Mixer[43] 

A+ 

c2 4 1 

A- 
I I M 1 ,  M2 = 9.6/0.8 

T w  M3, M4 = 9.6/0.8 
R2 M5, M6 = 9.6/0.8 P M7, M8 = 9.6/0.8 

R I ,  R2 = 50K 

Figure 3.1 3 Circuit topology of a fully-differential dom-conversion mixer 

As shown in Figure 3.13, a mixer exhibiting a high linearity is reaiized by using the linear volt- 

age-to-current relationship of a MOS transistor in its triode region. The multiplier in front of the 

oparnp modulates the incoming RF+,.. The use of a double-baianced structure cancels out the 

cornmon-mode DC biasing signds and the nonlinearity of the switching transistors, M l  -M8, due 

to the dependency of g h  on V*. The highest-frequency node is A+/-. Fortunately, this mixer is a 

downconversion type. The opamp together with the feedback network immediately converts the 

current into a voltage and produces a low-frequency output signal, IF+/-. However, to ensure that 

no high-frequency current on the virtual ground is leaked into the output voltage. two large capac- 

itors, Cg and C4, are added. The feedback resistors, RI and FIp, are SOK-ohm and realize a high 

conversion gain. 

The DC bias level of the RF and LO must be chosen to bias the switching transistors in 
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their triode region at dl times. Otherwise, there will be distortion if the transistors are tumed off 

during the rnixing period. This c m  be avoided by setting their smallest-possible gate voltages at 

l e s t  a Vth higher than the largest-possible source level. For example, at Ml, V,co-rDc - Vvco- 

and Vvco-Q,~c = 2.6V through simulations. To undentand the working principle, we start with 

the current equations going through each switching transistor, as given by 

The currents going through the Q-input transistors are similar to those of the 1-input transistors. 

Thus, the IF-output is given by 
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The negative-feedback stmcture of the opamp in the mixer is shown in a simplified form in Figure 

3.14(a). An ideai opamp can suppress any signal at the vimial ground. However, for a real opamp 

having only a limited Gain-Bandwidth (GBW), the aansfer functions from the input to the output 

and to the vimial ground thus become 

- -. - - -  
' i n  , ' / + ' i n  - 1 . CO 

A -  j O 

- - - 2 x  GBW 

1 + A - j  O 

21t - GBW 

Figure 3.14 (a) The negative-feedback configuration and (b) the transfer functions of the mixer 

The output bandwidth, GBW/A, given in (3.9) has to be larger than 8 MHz for Our application[U]. 

Ln combination with the feedback capacitor, Cf, the bandwidth c m  be positioned more accurately. 

The use of an opamp with a small GBW does pose a problem. As shown in (3.10). input signds 

with a frequency spectrum beyond GBW/A are directly ~ransferred from the vimial ground to the 

output without k i n g  suppressed by the feedback configuration. One solution is to add an extra 

capacitor, Ci", to the virtual ground and, therefore. introduce a pole at 1 /(Zn Ri,&) to sup- 
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press the high-frequency signal without degrading the output bandwidth. The pole must be posi- 

tioned between the 1 / ( 2 x  R f C f )  and GBW/A, as shown in Figure 3.14(b). 

Figure 3.1 5 A PMOS-input fully-differential oparnp 

4 4 

Figure 3.1 6 A standard common-mode feedback 

The opamp circuitry used in the mixer is shown in Figure 3.15. lts specifications are the 

same as those used for the single-ended version (See Figure 3.5) except that it has a PMOS input 
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because of the noise considerations[37]. The DC of the input RF is set at I V  by an external bias, 

and that of the oparnp's outputs is set at 1 . W  by a standard common-mode feedback as shown in 

Figure 3.16. This ensures the switching transistors always work in their triode mode because their 

effective-gate voltages are always greater than their drain-to-source voltages. 

t c u t  n o w m c ~ n i c n s ~ o m  m ~ c c r  ICYX D O I ~ C O ~ V C ~ C I O ~  IIXC. 

Figure 3.1 7 Oemodulated If-waveform of an incoming RF: 
(a) a switching transient (b) a zoom-in plot 

In Figure 3.17(a), an incoming RF of 1.60625GHz is dernodulated by a 1.6GHz signal which is 

doubled from the 800MHz output of the VCO. The frequency of the demodulated waveform is 

found to be 6.025MHz from Figure 3.17(b). 

3.4 Multi-Modulus Divider 

The multi-modulus divider is shown in Figure 3.18. The buffered oscillation signal from 

the VCO, V,,, is divided by the prescaler. It provides four shifted versions of the divided-by-4 

signals, V4.0,90,180,27@ The phase selector picks up one of the four signals and delays according to 

the outputs of the phase modulator, SI and So. The asynchronous divide-by-64 block consists of 

five low-speed ripple counters. Al1 circuits of these blocks have been simulated and their results 
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are presented in the following sections. 

S1 so 
From Phase Modulator 

Prescaier 

vdiv 4 

Figure 3.1 8 Block diagram of the multi-modulus divider 

4 O . Full Speed , * Ip) Divide-By-2 vvc* 

O 

4 90 

: ig 

s1 so 
From Phase Modulator 

Half Speed 
Divide-By-2 

0/90/180/270 
Phase Selector 

Asyn-64 
Divider 

v4. 

Figure 3.19 The phase selector and a chain of low-speed divide-by-2 circuits 

' 

a Q CLK+ 

Prescaler 

Q CLK Q CLK*Q C L K e Q  CLK* Q CLK* -0 
Phase 90 

The divide-by-2 circuit[45] used in the prescaler is depicted in Figure 3.20. It contains two high- 

D I T O  D a D Selector J-CI 180 1 i k 270 

speed latches and is configured in a master-slave structure. There are two sensing devices, Ml 

and M2, a cross-coupled regenerative loop, M3 and M4, and two active loads. M5 and M6, in the 

master latch (and similarly in the slave latch). For instance, if the input differential signals,jjko 

andAa180, are H and L respectively, the active loads of the master latch shall be turned off and the 

master latch will be in the sense mode while those of the slave latch shall be nirned on and the 

slave latch will be in the store mode. Similarly, if the logic levels ofJao a r ~ d f i n ~ ~ ~  are reversed 

(Le. L and H respectively), the modes of the latches shall also be reversed. The gate capacitances 

of al1 transistors are aiways parallel to either the inputs or the outputs and hence no intemal node 

exists. In addition, it is worth mentioning that the voltage swings of the divider's output, as 

shown in Figure 3.21, are not rail-to-rail (-25% duty cycle) when the device is operating at its 
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maximum speed. The simulated wavefom from the extracted Iayout is shown in Figure 3.21. 

: Master O 

1 

1 

I 

1 

M6 
8 

fin.O 0 ' 8 

8 

I 

O , 4.810.8 
8 I 

fout. 1 80 * 

f,",.270 

Figure 3.20 High-speed divide-by-2 circuit 
C M O S  P R E S C I L C R  

O 1 Full Speed 
IBO 1 Divide-B y-2 

Figure 3.21 Simulated waveforms of the prescaler running at 1 GHz 

While designing this divider, we can take advantage of the insights obtained from the 

design of the VCO. In fact, if the swing of the differential inputs is very srnail. the divider will 
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even oscillate itself. It imposes a lower lirnit on the voltage swing of the input to start the oscilla- 

tion. The maximum toggling frequency can be roughly estimated as 

where G, is about half of the transconductance of each n-mos transistor and CL is the capacitance 

at each output node. The result has been shown in [37] and is given as 

In a master-slave flip-flop, the maximum clock rate can be no faster than haif of the toggling rate 

and thus equals to 1 -2GHz (reduced by a 20% design margin). As shown in (3.1 1). the divider c m  

be further optimized by reducing the channel length to a minimal-possible value as long as the 

technology penni ts. 

Low-Speed Asynchronous Frequency Divider 

A chain of low-speed dividers is responsible for hirther dividing the one-fourth frequency 

of the VCO for the phase detector. Since the maximum frequency of the low-speed divider is not 

as criticai as that of the prescaler, a simple D-flip Bop is used, as shown in Figure 3.22. It is an 

asynchronously resetable flip-Aop. Its inverted output is connected back to its input and, thereby, 

the flip-flop will work as a divide-by-2 circuit. The simulated wavefom of the divider toggling at 

90% of its maximum frequency is shown in Figure 3.23. The maximum frequency of the 

extracted circuit is found to be 270MHz and rneets the requirernent we stated in Section 2.3. 
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Reset cf k 

Figure 3.22 Logic diagram of an asynchronously resetable D-flip-flop 
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Figure 3.23 Simulated wavefoms of two cascaded divide-by-2 circuits with an input frequency of 
90% of their maximum frequency 

3.5 Phase Modulator 

A complete logic diagrarn of the phase modulator is shown in Figure 3.24. A logic dia- 

gram of adders used in the phase modulator is shown in Figure 3.25. The registers are re-used 

from the design of the resetable D-flip flop in the previous section. The channel select, k, is a 4- 

bit input and the outputs, So and SI, are the interfaces to the phase selector which is depicted in 

Figure 3.26. The AND gates in the phase selector tum the 25%-duty-cycle waveform into a sym- 
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metric one. A system-simulation software, Ptolemyl, performs the digital simulation. Figure 

3.27 shows the output waveform of the phase modulator. 

v v  
Phase Register 2-bit Delta-Sigma Modulator 

Phase Modulator 

\ 
\ 

\ 
\ 

k (4 bits) 

fref , - a 

Figure 3.24 Complete logic diagrarn of the phase modulator (delta-sigma modulator) 
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Carry Out = AB + C,,(A + B) 

AO 

Figure 3.25 Logic diagrarn of the full adder 
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1 .  Ptolemy is deveioped by UC berketey and the version we used is 0.7. 
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Phase Selector (Multiplexer) 

Figure 3.26 Logic diagram of the phase setector 

Division Ratio From the Phase Modulator 
Y 

Figure 3.27 Control wavefom of the phase modulator (k = 5, n = 4) 

3.6 Precharge-type PhaseIFrequency Detector 

A digital phase/frequency detector (Pm) was chosen for its ease of implementation and the built- 

in frequency-detection feature. A precharge-type PFD shown in Figure 3.28 is chosen. It is a 
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modified version from which we discussed in the previous chapter. Not only is it capable of pro- 

viding a high resolution in the phase difference of two input signais, it cm also act exactly as a 

conventional PFD by adding an NAND gate in front of the original half phasedetector[47]. The 

NAND gate prolongs the evaluation period and inhibits any succeeding signal from VI,ad when 

the phase error is greater than 180'. An extemai reference oscillator (-3.2MHz) is used to gener- 

ate the reference frequency for Vref. 

NAND . - - - .  

Figure 3.28 Prechargotype phase detector: (a) Half circuit of the phasdrequency detector 
(b) Complete PFD configuration 

Figure 3.29 shows the charge pump with a first-order loop filter. The charge pump contains two 

wide-swing current switches controlled by the UP and the DOWN signals from the phase detec- 
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3.7 System Simulation 

Al1 circuits in rhe frequency synthesizer were simulated using Hspice as well as Rolemy. 

Ptolemy provides a system-simulation environment that allows linear blocks of the PU. to be 

simulated much more quickly. A full simulation perfomed in Hspice would take several days 

before the phase-locked-loop settled. The reason is due to the fact that the pole of the loop filter is 

at a much-lower frequency than the oscillation frequency of the VCO. Afier the oversampling of 

the system (e-g. a factor of 128) is taken into account, the simulation step is as srnall as 1 9 s  for a 

VCO's frequency of KHz. while the setîling time can be as long as &(pole frequency of the ioop 

filter) = 6* jK6/200k.z = 0.5rns. For Ptolemy. the simulation takes about only an hour on a 

Pentium-166. Code of al1 the blocks are wrinen in Ct+ and are cornpileci by a scheduler inside 

Ptolemy. Futhermore. additional system elements such as mixers and monitoring devices c m  be 

a i l  y addeù to the entire synthesizer. 

Figure 337 Ptolemy blodr diagram 
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The Ptolemy block diagram is given in Figure 3.3 1. The function of each block is readily 

apparent except for the VCO and the phase modulator. Because the phase of a signal is the inte- 

gral of the frequency, the VCO is modeled as a gain stage and an integrator. The phase modulator 

is modeled in its exact forrn as we discussed before. The phase-frequency detector is emulated by 

using ideal digital switches to implement the normal and tri-state logic blocks. 

The design parameters of the loop filter such as the loop frequency, Q-factor, and charge- 

pump's curent can be edited by pressing "e" on the "LDIfilter" icon. The structure of the loss- 

less-digital-integrator (LDI) cm be found in [37]. It can maintain a high numerical accuracy even 

in this kind of extreme situation. The division ratio is controlled by adding the output of the phase 

modulator which provides a fractional value, together with an integer value. The plot in Figure 

3.32 shows the system simulation for N = 256 and fmr = 3.2MHz. Frequencies generated with dif- 

ferent fractional values, k, are plotted on the graphs below. 

-- 

FractionaCN Frequency Synthesizer - 
~ x l @  L I  

O 00 1 00 00 ZOO 00 ~00.00 400.00 so0.00 2 
œ 4  

Figure 3.32 System Simulation of the frequency synthesizer 

The loop bandwidth is set to be 5 W z  and the Q-factor is 0.8. The settling time is about 
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450us. During the locking period, the control signal resembles an exponential curve even though 

the system contains some digital elements. As the VCO frequency approaches to the reference 

frequency times the division ratio, the phase-frequency detector mostly sends out UP signals to 

advance the phase of the VCO until the control signal settles. 

3.8 Layout Considerations 

Feature 
S ize: 
0.61m - 

Figure 3.33 The complete layout of the receiver frontend 

The above layout was done in Ballistic[48] which allows the designer to write code to place and 

route each circuit building block by their relative positions. The structure of the layout is based 

on the figure shown on the first page of this chapter, Figure 3.1. The size of the chip is lmm x 

L Srnm. The off-chip driver is at the upper-left-hand corner. The voltage-controlled oscillator 

(VCO) is on the left-hand side of mixer 1 and mixer 2 which demodulates the 1- and Q-channels 
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respectively. These parts are running at the highest fiequency in the entire design. Therefore, a 

compact and syrnmetric layout is desired, so as to minimize the parasitic effects and the Iayout 

mismatches. A detailed layout of the ring oscillator is shown in Figure 3.34. A table. which con- 

tains the values of the parasitic capacitance at each output node, is also summarized in Table 3. 

The layout of the mixer is also rnagnified in Figure 3.35. In order to separate the noise and sub- 

strate current coupled from the digital part to the analog part (or vise-versa), two guard bars are 

placed horizontally in the center of the chip layout. The Gndtonnected guard bar serves as a sub- 

strate contact to reduce the possibility of latch-up. The depletion region formed underneath the 

Vddconnected guard bar will act as a by-pass capacitor to absorb the high-frequency noise going 

frorn one side to another. Decoupling capacitors (-3.3pF) are also placed for stabilizing impor- 

tant voltages. such as the bias voltages and comrnon-mode voltages of the oparnp. The multi- 

modulus divider, the phase modulator and the phase/frequency detector are positioned in the 

lower part of the chip layout Test pads are aiso available next to the chip label. Interna1 States of 

the phase modulator and the prescaler can be tested through those test pads. 

Delay Ce11 

Delay Cell 

Figure 3.34 Symmetry layout of the ring oscilfator 
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Buffer+ Multiplier Full y-Differential Opamp Buffer- 

Figure 3.35 Layout of the mixer 

Table 3 Extracted Capacitances of the VCO 
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Test Results 

This chapter describes details of  the test setup and the rnethods of testing for the circuit building 

blocks. Plots shall be presented in the following sections to illustrate the results. 

A high-frequency circuit board was built to test the chip. The board was designed to allow 

different sections to be tested independently. A photo of it is shown in Figure 4.1. 

Figure 4.1 A photo of the test board 
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The board, containing Our testing circuit and a battery holder, is mounted ont0 a grounded 

copper plate. The plate ailows the board to be more portable and prevents the board from rnoving 

around. By lirniting the mobility of the circuit board, any fatigue in the solder joints c m  be 

avoided. 

4.1 Test Setup 

VCO qi 
Test - 44 

LOlout 

ICCTRFRN 

- - 

Figure 4.2 Schernatic of the test setup 

The schematic of the circuit board is shown in Figure 4.2. It provides al1 supply voltages, 

i.e. Vdd, Vcm and Vctl, for testing. By generating al1 the required supply voltages, fewer external 
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supplies or adjustments are required, and additional filtering can be applied to the supply lines. 

The chip is packaged in a 44-pin plastic-leadless-chip-cmier (PLCC). The socket in the photo 

contains the test chip. Al1 bias and supply lines are decoupled at their socket pins with 1ûûn.F and 

lOnF ceramic capacitors. A four-dip switch serves as the digital input for the channel select. Al! 

high-frequency lines are connected to SMA connectors and are terminated with 50-ohm resistors. 

The testing instruments that were used include a high-speed signal generator(SMT03), a 

high-speed spectrum anaiyzer(HP8595E), a low-speed frequency synthesizer(Wavetek395), and a 

Tektronix medium-speed oscilloscope. 

4.2 Bias Circuit 

Figure 4.3 A plot of gm venus bias resistor 

First, the bias circuit was tested. The bias current is determined by the conductance of a bias 

resistor. The bias resistor is composed of an intemal resistor in series with an extemal one. The 

interna1 resistor has been designed to be 400-ohm, making use of the N-well resistor available 

inside the chip. The extemal one is a variable resistor whose maximum value is 1.4K-ohm. By 
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changing the resistance of the variable resistor, the voltage across it is measured. The transcon- 

ductance, g,, is then calculated by ,,/2p,Co,(8/0.8)~bia,. A slope of 1 is shown in Figure 4.3. 

It confimis the relationship between the transconductance and the resistance of the bias resistor, 

i .e. I/g,  = Rb& 

The difference between the x- and y-intercept represents the value of the intemal resistor. 

It is about 370-ohm as opposed to the 400-ohm as we designed. If we assume the process varia- 

tion is linear, a factor of 7.5% is reduced. 

Figure 4.4 A plot of the bias current versus power-supply voltage 

The measurement of the sensitivity of bias current over the power-supply voltage is given 

in Figure 4.4. Since the range of operation voltages are from 2.7V to 3.3V. the b i s  current can 

differ +/-5pA, which is about 4.7%, frorn its nominal value, 106pA. 
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4.3 Voltage-Controlled Oscillator 

The voltagetontrolled oscillator(VC0) is one of the two blocks which mns at the highest fre- 

quency. The supply voltage is fixed while the control voltage is varied. A plot of frequencies 

versus the control voltage is shown in Figure 4.5. 

Figure 4.5 Gain cuwe of the VCO 

The above figure shows that the frequency of the VCO does not nse beyond 710MHz 

even though the control voltage continues to increase. The tuning range is 298MHz. As the bias 

current increases, which is determined by the control voltage, the sources of the differential pair 

drop in voltage, until the bias transistor is forced into triode. Once in triode, the bias transistor 

will not follow the control voltage and the bias current will cease to increase. The effective-gate 

voltage of the differential pair will also &op and deteriorate the noise performance. 
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Figure 4.6 Frequency spectrum of the VCO's output - 1 WMHz span, 1MHz resolution-bandvvidth 

From the power-spectral-density(PSD) plot depicted in Figure 4.6, a noise floor is clearly visible. 

The noise floor is 48cü3 below the signal tone whiie the strength of the signal is -32dBm at 

% ? a . , * o n a l i  
h l c - w m  

figure 4.7 Frequency spectrum of the VCO's output - 50MHz span, 100kHz resolution-bandwidth 

When the resolution bandwidth of the spectmm analyzer is narrowed to IOOkHz, another PSD 

diagram is plotted in Figure 4.7. The noise floor begins to rise towards the signal tone. A 3dB 

corner above the noise floor is at 8.42MHz from the signal peak. This corner corresponds to an 
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effective Q-factor of the oscillator. It is expected that as the VCO becomes l e s  sensitive to noise 

variations, this corner frequency will decrease. For the noise getting closer to the signal tone. the 

siope sideband is also rising faster. It is mainly because the I/f noise of transistors causes the 

VCO to wander even more and the noise spectrum begins to follow a +30dB/dec dope according 

to the Lession's Model[49]. 

Phase Noise Measurement 

Another function of the built-in downconversion mixer is to measure the phase noise of the oscil- 

lator. The noise performance is usually given as a plot of RMS power versus the offset frequency 

from the carrier. This plot is generated by taking the single-sideband power of the phase noise. 

normalizing it to a 1Hz bandwidth and converting it into the dBc scale. A typicai test senip is 

shown in Figure 4.8. 

I 

a Down-conversion 0-1 2:;: 1 
, Mixer 

Signal 
Generator 

Figure 4.8 Phase noise measurement using a downconversion mixer 

When the two inputs to a down-conversion-mixer are in quadranire, the output of the 

mixer is equal to the sine hinction of the phase difference of the input sipals. If the Ievel of the 

phase noise is low, the function sin(@) c m  be approximated as 0 . Therefore, the mixer acts as 

a phase detector, converting the phase noise of the oscillator into a voltage. 
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4.4 Downconversion Mixer and Prescaler 

The differential outputs of the prescaler, f4.0 and f4.180, were probed. Their DC levels were 

found to be OV and 2.9V respectively. When the mixers were tested, no oscillation signals could 

be found from their outputs. The r w t  of these phenomena is due to a wrong connection in the 

secondary buffer which is responsible to ampli@ the signai from the VCO to the mixer and the 

prescaler. The DC level of the mixer's differential outputs were found to be the same as the corn- 

mon-mode voltage input which had been set to be 1.2V. 

Since only the prescaler can mn at a comparable frequency with that of the VCO and is the 

front-end of the rnulti-modulus divider, the dynamics of the PLL cannot be tested. However, fur- 

ther attempts, such as ion-beam implantation and laser curting, shall be used to re-route the con- 

nection in the secondary buffer and correct the rnistake. 

4.5 Phase Modulator 
Tek 1 OOMW: 7 A-qs 

Figure 4.9 Control wavefonn of the phase modulator (10X probes are used) 
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The States of the phase modulator was examined by probing the test pads next to the phase modu- 

lator. A timing diagram downloaded from the oscilloscope and a truth table are shown in the Fig- 

ure 4.9. The channel select has been set at 5 .  The period of the waveform is also found to be 32 

steps, as we expected. 

4.6 References 
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Conclusions 

Al1 building blocks for a fractional-N frequency synthesizer and a downconversion mixer have 

been studied, developed and implemented in a standard 0Spm -CMOS technology. In chapter 1, 

different methods of frequency synthesis are presented. A basic phase-locked-loop (PLL) with a 

divider has been used to work as a frequency synthesizer for a long tirne. In chapter 2, the delta- 

sigma theory is brought into the traditional PLL design. Thus, a fine resolution for channel fre- 

quencies becomes possible without sacrificing too much settling time. h addition, other system 

issues in the frequency synthesizer, such as the noise performance of the voltage-controlled oscil- 

Iator, the phase selection technique. and the resolution of the phase detector, are also discussed. 

Designs of al1 building blocks are presented in chapter 3. Theories were verified by simulations. 

Finally, testing results for the circuit building blocks are given in chapter 4. 
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5.1 Suggestions for future work 

Reducing the Circuit Noise 

A number of improvements can be made to reduce the sideband noise of the VCO. The 

control voltage of the VCO should not be connected to any extemal pin because this voltage is 

very susceptible to interference. This connection should be isolated or buffered in the final 

design. The noise fioor is high due to the wrapped-wires al1 over the circuit board. Signal tones 

from other lab equipment, such as cornputers, can jarn into the spectrurn. A wire with a high-fre- 

quency signai acts like an antenna and radiates electromagnetic waves to its adjacent wires. 

Therefore, especially for the RF inputs and the VCO outputs. signal connections have to be 

shielded by the micro-coaxial cables. Besides, a printed circuit board has to be used and carefully 

designed for a 5Oohm environment so as to reduce the cross-ialk and reflection in the high-fre- 

quency routes. 

From the circuit point of view, one CMOS latch for the output driver is not enough for 

overcorning the background noise and the attenuation from the external connection. In hiture 

designs, one more gain stage would be added to increase the signal strength. 

Higher Operation Frequency 

In the present design, the maximum oscillation frequency is only 710MHz, which is 

165MHz (or 20%) below the simulated value. The degradation arises frorn the variations in the 

parasitic capacitance, partly, due to the crossed metal wires inside the chip. In a future design. 

extra work has to be done to ensure minimum overlaps between metal layers. 

As we can observe frorn the frequency-spectmm plot, the quality factor of our ring oscilla- 

tor is rather low compared to those of the other oscillators using, for exarnple, the on-chip induc- 
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In Figure 5.1, a frequency-discriminator-based frequency synthesizer[52 J [53] is presented. The 

details of the delta-sigma frequency-disctirninator[54] in the loop is shown in Figxx 5.2. Simply 

speaking, the working principle is that the average density of the delta-sigma bit-stream, b(n), is 

trying to equal the channel select, k. The VCO will increase or decrease its own frequency 

- 
according to the difference between b(n) and k, until they are both equal. 

The oversampling delta-sigma A/D inside the frequency discriminator directly converts 

the phase difference into the bit-strearn, b(n). This b(n) c m  reflect the offset of the VCO's fre- 

quency from N x Reference-Frequency by means of the feedback in the multi-modulus 

divider[%]. The use of the decimator allows the rest of the digital circuits to nin at a lower rate, 

without introducing any new quantization emor to the measured frequency from the VCO. The 

loop filter is implemented digitally to control the loop bandwidth. To close the loop, a D/A con- 

verter is required in front of the VCO. An implementation using an active time integrator with an 

oparnp has been done in [55]. 

A number of advantages of using the above approach have also been discussed in [53], 

which include 

Robustness from the digital implementation 

Better integration for there is no need to use large RC constant in the charge pump 

Flexible designs in the loop filter 

Al1 of the above give us a new direction for how indirect analog frequency synthesizers 

should go and we hope to implement these ideas into a single-chip solution in our future designs. 
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