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Abstract: A frequency synthesizer is one of 

the most critical building blocks in any 

integrated wireless transceiver system. Its 

design is getting more and more challenging 

as the demand for low-voltage low-power 

high-frequency wireless systems is 

continuously increased. At the same time, 

CMOS processes have advanced and been 

shown to be more and more attractive due to 

their potential in achieving systems with the 

highest integration level and the lowest cost. 

On the other hand, as the supply voltage is 

lowered, many existing design techniques 

for integrated frequency synthesizers are no 

longer applicable. However, it is still 

desirable to design RF frequency 

synthesizers at low supply voltages not only 

because of the device reliability due to the 

technology scaling but also because of the 

integration and compatibility with digital 

circuits. 

 

 

There are currently only a few books 

available on integrated RFCMOS frequency 

synthesizers. The most comprehensive book 

on integrated CMOS frequency synthesizers 

available today is entitled Wireless CMOS 

Frequency Synthesizer Design by Craninckx 

and Steyaert (1998). More recently, another 

book entitled Multi-GHz Frequency 

Synthesis and Division by Rategh and Lee 

was also published in 2001. While the two 

books are still quite useful, they focus only 

on advanced design techniques of some 

selected building blocks, including voltage-

controlled oscillators, dividers, and 

synthesizers, with emphasis only on a 

particular architecture. There exist many 

new synthesizer architectures and design 

techniques that are not covered in detail. 

1 - Introduction 

Modern transceivers for wireless 

communication consist of many building 
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blocks, including low-noise amplifiers, 

mixers, frequency synthesizers, filters, 

variable-gain amplifiers, power amplifiers, 

and even digital signal processing (DSP) 

chips. Each of these building blocks has a 

different specification, imposes different 

constraints, and requires different design 

considerations and optimization. As a result, 

wireless transceivers have been exclusively 

implemented using hybrid technologies, 

mainly GaAs for low noise and high speed, 

bipolar for high power, passive devices for 

high selectivity and CMOS for DSP at the 

baseband. While taking advantage of the 

best in each technology, this hybrid 

combination unfortunately requires multi-

chip modules and off-chip components, 

which not only are costly and bulky, but also 

consume a lot of power. 

However, recent development and advance 

scaling of deep-submicron CMOS 

technologies have made it more feasible and 

more promising to implement a single-chip 

CMOS wireless transceiver. This single-chip 

integration is particularly attractive for its 

potential in achieving the highest possible 

level of integration and the best performance 

in terms of cost, size, weight, and power 

consumption. 

Among the many design issues and 

considerations in single-chip CMOS 

integration is the aggressive scaling of the 

channel length. According to the 

Semiconductor Industry Association's 

roadmap in November 2001, the channel 

length will be scaled to be as small as 65 nm 

in 2007, as illustrated in Fig. 1.1. 

2. Interpreting Specifications  

The detailed specifications for the transistor-

level design of frequency synthesizers are not 

readily available from the standard, but are 

embedded within the description of the 

requirements for the communication system. 

Also, particular characteristics of the system 

design set constrains in the specifications of the 

frequency synthesizer. For example, even 

though the RF frequencies are set for a given 

standard, the selection of a given intermediate 

frequency (IF) determines the required output 

frequency range of the synthesizer. Table 1 is 

used to illustrate the information in some 

standard documents, that is relevant to frequency 

synthesizer design. Full details of several 

wireless communication standards can be found 

in the literature.1,3,4,5  
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2.1. Frequency Band and Tuning Range 

Every communication standard utilizes a 

specific frequency band in the spectrum of 

electro-magnetic waves according to the usage 

models, and the regulations of the governing 

body. For instance, the 2.4 GHz Industrial-

Scientific-Medical (ISM) band is most popular 

for short range communication standards such as 

Bluetooth and Wireless LAN, because the usage 

of the ISM band is free and the frequency is high 

enough to limit the reach of the transmitted 

signal. 

In phase-locked loop (PLL) based frequency 

synthesizers, the tuning range of the voltage 

controlled oscillator (VCO) determines the 

limits on the overall system tuning range. The 

tuning range of the VCO should be much larger 

than the frequency band of interest since it will 

have large range of uncertainty due to process 

variations and modelling uncertainties. A 20% 

deviation in either inductance or capacitance in a 

LC oscillator will result in more then 10% error 

in the output frequency. 

Other factors, such as the linear range at the 

output voltage of the charge pump (CP) can 

further limit the tuning range of the synthesizer. 

The design should account for the limits of both, 

the VCO control voltage and CP output linear 

range to ensure the synthesizer can operate 

properly. If the CP cannot provide the designed 

current amplitude for certain output voltages, the 

system transfer function loses its gain and may 

become unstable. The voltage swing can be 

severely limited if the charge pump has a 

cascode output stage for improved output 

impedance.6 

2.2. Channel Agility and Settling Time 

Whenever the transmission or reception channel 

switches in a communication system, the 

transceiver must change its local oscillator 

frequency to synchronize with the 

received/transmitted signal. Since most 

frequency synthesizers utilize a feedback 

mechanism to control the accuracy of the output 

frequency, and minimize the difference between 

the output and the target frequency, the 

switching of the output frequency cannot be 

instantaneous. The output frequency 

approximately follows the step response of a 

second order system for very small phase errors. 

This condition holds only when the frequency 

step is much smaller than the center frequency, 

as in narrow-band systems. For large frequency 

steps in wide-band systems, the response will 
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slow down due to very non-linear behavior 

associated with large phase errors. 

For instance, in the Bluetooth standard, the 

frequency synthesizer settling time is not clearly 

defined, but it can be calculated from the 

relationship between the time slot length and the 

packet length. Since the Bluetooth standard uses 

frequency hopping at 1600 hops per second, the 

transceiver is only allowed to transmit within a 

time slot of Tslot = 625 µs. The length of a 

standard single packet to be transmitted in a time 

slot is 366 bit long, corresponding to Tpkt = 366 

µs. Thus the downtime between two consecutive 

time slots is, 

 

The transceiver must complete a transition 

between transmitting and receiving during the 

Tdown period, including the settling of the 

frequency synthesizer. Note that the settling time 

of the frequency synthesizer is only a fraction of 

the turnaround time because the blocks 

following the mixer, such as variable gain 

amplifier (VGA), also need certain amount of 

time to settle once the frequency synthesizer is 

settled. 

Wireless LAN standards explicitly specify 

channel agility to be 224 µs in the standard 

section 18.4.6.12. A frequency synthesizer is 

considered to be settled when the center 

frequency is stable within the frequency 

accuracy limit, which is ±60 kHz for the case of 

802.11b. 

2.3. Spectral Purity 

The spectral purity of the local oscillator is 

usually not explicitly specified in most of the 

communication standards. Instead, phase noise 

and spurious signal specifi- cations are usually 

derived from adjacent channel interference 

requirements.6 The strongest adjacent channel 

interferences of several popular short-range 

standards are listed in Table 1. 

The effect of phase noise and adjacent channel 

interference is shown in Fig. 2. While the signal 

(PSig) is downconverted to DC or IF by the LO 

signal (PLO), the interference (PInt) is also 

downconverted to DC or IF by the phase noise 

(PN ) and is added to the signal of interest. Since 

the phase noise is a random process, the 

effective bandwidth (PBW ) is added to 

calculate the total power. The signal to noise 

ratio (SNR) of the baseband signal is the 

difference of the power of the two, and it must 

be larger than the minimum SNR required to 

meet the receiver bit error rate (BER) 

requirement. 
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Fig. 2. The effect of phase noise and interference 

 

After rearrangement, 

 

where PN − PLO denotes the phase noise 

requirement in dBc – a power spectrum density 

relative to the carrier power. For example, from 

Table 1, Bluetooth standard specifies an 

interferer of +40 dB at 3 MHz away from the 

desired signal. The channel bandwidth is 1 MHz, 

which translates into PBW = 10 log 106 = 60 

dB. The minimum SNR requirement for a BER 

of 10−3 is 18 dB, which can be determined from 

system level baseband simulations.a Substituting 

these numbers in Eq. (3), the phase noise 

requirement is −118 dBc at 3 MHz from carrier. 

This calculation assumes the phase noise is 

white within the channel bandwidth. A realistic 

design goal should include some margin from 

the calculated value. 

 

Fig. 3. The effect of reference spur and 

interference 

Reference spur can be a especially serious 

problem if the system uses narrow channel 

spacing and the spur coincides with the adjacent 

channels as shown in Fig. 3. This kind of 

situation can happen when implementing 

Bluetooth transceivers with an integer-N type 

frequency synthesizer. The calculation is similar 

to the one previously presented for phase noise 

case except that the interference is 

downconverted by spurious signal, which is 

considered as a single tone. With the SNR of the 

baseband signal being, 

 

After rearrangement, 

 

where PSp −PLO denotes the power of spurious 

signal in dBc, relative to the carrier power. For 

example, Bluetooth standard specifies an 

interferer of +30 dB at 2 MHz away from the 

desired signal. The reference spur can be also at 

2 MHz away from the carrier if the frequency of 

the reference signal is 2 MHz. The minimum 

SNR requirement is 18 dB, same as the previous 

example. Substituting the numbers in Eq. (5), 

the spurious signal requirement results in −48 

dBc at 2 MHz from carrier. 
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Fig. 4. The effect of reference spur in 802.11b 

system 

In the case of Wireless LAN 802.11b as shown 

in Fig. 4, the reference spur can fall within the 

received signal, but not in the adjacent channel 

because the channel bandwidth can be larger 

than the reference frequency. System level 

simulations are required to determine the 

specific level of spur that degrades the receiver 

BER below the given specification.b Simulation 

results are presented in Fig. 5. The SNR of the 

input signal swept from 10.5 dB to 14 dB, while 

four different spur power of −34, −28, −22, and 

−16 dB are degrading the input signal. The 

result shows that the reference spur must be at 

least 25 dB below the carrier signal to keep a 

BER better than 10−5 when the input SNR is 12 

dB. This requirement also needs additional 

margin for a realistic design. 

 

Fig. 5. The effect of reference spur at 2 MHz in 

802.11b system 

Table 2 summarizes the mapping relationship 

between the communication standard and the 

building block specification. It is possible for 

several aspects of the standard to be mapped into 

a single specification, and vice versa. For 

illustration purpose, a specific example for 

802.11b standard is given in separate columns. 

 

3. Types of Frequency Synthesizers 

3.1. PLL based Integer-N Synthesizer 

The most popular technique of frequency 

synthesis is based on the use of a phaselocked 

loop (PLL). The loop is synchronized or locked 
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when the phase of the input signal and the phase 

of the output from the frequency divider are 

aligned. As shown in Fig. 6, the output of the 

VCO in the integer-N synthesizer is divided and 

phaselocked to a stable reference signal. Once 

the loop is locked, the output frequency equals 

the reference frequency times N. 

 

 

Fig. 6. Integer-N architecture 

Integer-N architecture is the preferred solution 

for minimizing power consumption and die area 

due to its simplicity. The integer-N architecture, 

however, lacks the flexibility of arbitrarily 

choosing fREF as is possible in more complex 

architectures. Since fREF is fixed by channel 

spacing requirements, the loop bandwidth can be 

severely limited, especially since it has to be 

significantly lower than fREF for stability 

considerations. 

Although, the integer-N synthesizers can 

generate output frequencies in steps of fREF , 

the channel spacing is not necessarily equal to 

fREF . The maximum possible fREF can be 

calculated as follows: First, the channel 

frequencies must be integer multiples of fREF as 

shown in Eq. (6), but at the same time the 

channel spacing also has to be an integer 

multiple of fREF . To satisfy both conditions, 

the fREF has to be the greatest common divisor 

(GCD) of the channel frequency and the channel 

spacing. For example, Wireless LAN 802.11b 

standard specifies channels from 2412 MHz to 

2472 MHz in steps of 5 MHz. Thus, the 

maximum possible fREF is GCD(2412 MHz, 5 

MHz) = 1 MHz. For a different example, 

Wireless LAN 802.11a standard specifies a 

channel at 5805 MHz and a step of 20 MHz. In 

this case, the maximum possible fREF is 

GCD(5805 MHz, 20 MHz) = 5 MHz. 

3.2. PLL based Fractional-N Synthesizer 

An inherent shortcoming of the integer-N 

synthesizer is the limited option for the reference 

frequency, fREF, because of the integer-only 

multiplication. A fractional N synthesizer 

architecture solves this problem by allowing 

fractional feedback ratios. Shown in Fig. 7, the 

fractional-N synthesizer has a dual modulus 

divider that can switch its division ratio between 

N and N + 1. By dividing the VCO frequency by 

N during K VCO cycles and N + 1 during (2k − 

K) VCO cycles, it is possible to make the 

average division ratio equal to N + K/2k, 

assuming a k bits accumulator controlling the 

prescaler. Thus, 
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Fig. 7. Fractional-N architecture 

However, if the division modulus is switched 

periodically, the output is modulated by the beat 

frequency of the fractional modulus. It can be 

shown that the output spectrum has tones at 

αfREF , 2αfREF and so on, relative to the carrier 

frequency. These are fractional spurs and can be 

problematic since they are very close to the 

carrier. 

The fractional spurs can be reduced by breaking 

the regularity of the division modulus switching 

period, effectively making the beat frequency 

randomized. A dithering mechanism using Σ∆ 

modulator can not only randomize the beat 

frequency, but shape the noise spectrum so that 

it has more power at higher frequency. The high 

frequency quantization noise is filtered by the 

loop filter of the PLL. A combination of the 

order of the Σ∆ modulator and loop filter order 

can reduce the high frequency quantization noise 

at levels that make the effect of the noise 

negligible.7 

3.3. Direct Digital Synthesizer (DDS) 

A fundamental reason that a feedback control 

loop is used in the implementation of frequency 

synthesizers is because the relationship between 

the control voltage and the output frequency of a 

VCO is unpredictable and subject to variations 

from unwanted excitations. If a VCO’s output 

signal frequency were always predictable with 

no variation, there would be no need to use 

feedback control to correct the error in 

frequency. The output of the VCO would be 

used directly as the final output of the frequency 

synthesizer. In this hypothetical system, there 

would be no problem of stability and settling 

time. The settling time would be only limited by 

the gate delay of the channel selection input. 

DDS generates its output signal from the digital 

domain and converts it in analog waveform 

through a digital-to-analog converter (DAC) and 

filtering as shown in Fig. 8. Since the waveform 

is directly shaped from the amplitude values 

from a read-only-memory (ROM), it doesn’t 

require feedback and it has all the advantages of 

the hypothetical system previously described. In 

addition, it has other advantages such as low 

phase noise and possibility of direct digital 

modulation. The DDS is 

a suitable choice when the carrier frequency has 

to be settled very fast with very low phase 

noise.8 The application of the FS is to generate 

frequency-hopped carrier signals for NMT-900 

cell phone standard. Another usage of DDS is 

when extremely fine frequency resolution is 
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required.9 This synthesizer covers a bandwidth 

from DC to 75 MHz in steps of 0.035 Hz with a 

switching speed of 6.7 ns. 

 

Fig. 8. Direct digital synthesizer block diagram 

The most serious shortcoming of DDS is speed: 

the clock of the digital circuitry has to be at least 

twice as high as the output frequency. Operating 

a ROM and a DAC at 4.8 GHz to generate 2.4 

GHz output signals can be challenging in current 

technologies, if at all possible, and power 

consumption will be prohibitively high. In 

addition, large quantization noise and harmonic 

distortion of high speed DACs can degrade the 

spectral purity of the output signal. Using an 

analog mixer to upconvert a low frequency 

synthesized signal, in order to generate high 

frequency outputs without an excessively high 

frequency clock, has been reported in 

literature.10 However, it is a costly solution 

since it needs an extra analog PLL and high 

frequency mixers. 

Conclusion  

A description of frequency synthesizers that 

emphasizes the key design parameters and 

specifications for their use in wireless 

applications has been presented. The 

mapping between the communication 

standard into particular specifications has 

been highlighted for parameters such as 

phase noise, settling time, and spurious 

rejection. A discussion on stability limits has 

been presented to establish the limits on the 

ratio of loop bandwidth with respect to the 

reference frequency and the relative location 

of the poles, zero and crossover frequency. 

The main design tradeoffs between noise, 

bandwidth and stability have been described, 

as well as the implications on settling time 

and stability of the relative location of the 

pole and zero on the transfer function. A 

brief survey of the latest advances on the 

design of frequency synthesizers helps to 

identify the areas where most of the design 

effort needs to be put to improve the 

performance of the circuit. As advances in 

technology allow for faster and smaller 

transistors, the trade-offs in the design of 

frequency synthesizers need to be studied 

and exploited in the never ending search for 

a compact and low power transceiver 

implementation. 
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