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Abstract  

The evolution of CMOS technology demands new approaches to implement radio-frequency 
integrated circuits. This paper presents two digital-intensive frequency synthesizers 
implemented in 65-nm CMOS: a digital period frequency synthesizer and an all-digital 
phase-locked loop. The experimental circuits cover frequency ranges of 0.1  4.3 GHz and 
2.7  6.1 GHz.   
 

1 Introduction 

The CMOS technology scaling and cost reduction have forced the hardware realizations of the 
wireless radios to become more and more digitally intensive. The digital or digitally intensive 
approach can also provide higher flexibility and integration level.  In the future, these will 
become increasingly important as the mobile devices have to utilize efficiently multiple radio 
protocols to meet the increasing demand for higher data-rates.  The all-digital phase-locked loop 
(ADPLL) and the digital period synthesizer (DPS) utilize the benefits of digital approach in the 
frequency synthesis. This paper discusses the implementation issues and practical challenges of 
these two digital frequency synthesis architectures for wideband radios. Section II describes the 
operation of the ADPLL and Section III focus on DPS architecture correspondingly. 
Experimental results of two microchip implementations are presented in the last section. 

2  All-digital phase-locked loop  

The ADPLL frequency synthesizer, as shown in Fig. 1, has its RF output generated from an on-
chip digitally controlled oscillator (DCO). The feedback path is a frequency-to-digital converter 
(FDC) that digitizes the frequency information of the RF output with respect to the reference 
(REF) frequency. The rest of the loop circuitry is all implemented in the digital domain. 
Frequency error is computed by an arithmetic subtraction of the digitized output frequency from 

 

 
Fig. 1. The all-digital phase-locked loop architecture. 
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the target frequency represented by the frequency control word (FCW). This error is then 
accumulated into phase error and conditioned by the digital loop filter to control the DCO 
output frequency. The frequency synthesizer also employs an adaptive frequency calibration 
(AFC) to speed up the frequency acquisition. The major challenges in the wideband ADPLL 
design are to achieve a wide tuning range in the DCO and to handle such a wide-range signal in 
the FDC.  

One strategy for the oscillator design in a PLL-based wide-band frequency synthesis is to 
cover an octave band with high maximum frequency. Thereafter, lower frequencies can be 
readily obtained at negligible additional cost and power by using one or more divide-by-two 
frequency dividers outside the loop. In our implementation, the DCO was based on a ring 
oscillator for its better capability to provide the large tuning ratio than an LC oscillator. 
Furthermore, a special technique utilizing an LC tank was introduced in the implementation of 
the ring oscillator for band extension and power reduction. 

For  the  FDC,  a  frequency  prescaler  divides  down  the  RF  signal  by  a  factor  of  2  or  4  
depending on the output frequency. This results in a lowered and narrowed frequency range, 
which can be reliably handled by the VPA without requiring the TDC to have an excessively 
long chain of inverters and flip-flops. The different frequency division ratios are then 
compensated at the FDC output by the digital multiplication realized by right-shifting the bits 
accordingly. However, the use of frequency divider prior to the TDC degrades the effective 
digitization resolution by a factor of the frequency division ratio. This results in a higher in-
band phase noise and worse frequency resolution, and therefore the TDC should operate at 
highest possible frequency posing a circuit design challenge. The TDC itself is based on an 
inverter-chain structure, while the VPA utilizes a purely digital high-speed topology consisting 
of a segmented counter, a binary counter and a shift register.  

3 Digital period synthesizer 

The DPS architecture, depicted in Fig. 2, generates a higher frequency output signal by selecting 
and combining the rising edges of low-frequency reference signals ( 0 15).  The  DPS  
architecture consists of a delay-locked loop (DLL) phase generation unit, a phase selection unit 
consisting of differentially clocked DFFs,  and a  32-bit phase accumulation unit with second-
order  modulation. The register-controlled DLL consists of a 16-tap pseudo-differential delay 
line, a phase detector (PD), a lock detector (LD), and a current mode digital-to-analog converter 
(IDAC). The lock detection circuitry enables open-loop operation in the locked state to take 
place, which cancels out the spurious tones related to closed-loop DLL architectures. The phase 
generation unit forms signals with sequential phase from one reference source clock cycle. 
These signals constitute the phase reference for the output signal generation. The phase 
 

 
Fig. 2. The digital period synthesizer architecture.  
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selection unit  selects  one of  these reference phases at  a  time and combines them as an output  
signal. The phase accumulation unit controls the selection in such way that the desired output 
periods are generated between successive output pulses. The frequency information for the 
accumulation unit is constituted from a digital frequency control word dc[0:31].  As a result of 
direct type of synthesis, the DPS is inherently able to provide a very fast and flexible frequency 
switching and a wide operating band.  However, the DPS architecture has two main limitations 
that impair its feasibility to radio applications. First, the delay through the phase selection unit 
and the phase accumulation unit limit the output frequency. A remedy for this in our 
implementation is a frequency converter (FC) that employs a divide-by-2 frequency divider and 
a multiply-by-2 and multiply-by-4 frequency multipliers to expand the operation frequencies up 
to 4 GHz. Second, the periodicity of the phase accumulation will create high spurious tones. To 
suppress these tones we have proposed a design that introduces a second-order digital MASH 

 modulator as an accumulator. The second-order modulation randomizes the phase 
accumulation resulting lower spurious content.  

4 Experimental Results 

The frequency synthesizers were fabricated with a 65-nm CMOS process. The chip 
microphotographs are depicted in figures 3 and 4. The ADPLL has an active area of 0.3 mm². 
The  measured  frequency  range  is  from 2.7  to  6.1  GHz.  Fig.  5  shows  the  measured  spectrum 
over a 2-GHz span for a 5.5-GHz output frequency. The measured phase noise performance for 
same output frequency is shown in Fig. 6. The visible spurs are caused mainly by the presence 
of limit cycles related with the FDC quantization. From a 1.2-V supply, the total power 
consumption has a maximum value of 22 mW.  

 The active area of the DPS synthesizer is 0.12 mm2.  The  power  dissipation  of  the  
synthesizer is between 3.6 mW at fOUT=100 MHz and 8.4 mW at fOUT=4267 MHz from a 1.2-V 
supply. The maximum output frequency of the DPS unit is limited to 1.067 GHz by the 
accumulation delay TD,ACC. Fig. 7 shows the output spectrum when the accumulator uses either 
first-order or second-order  modulation. It can be observed that the spurious tones resulting 
from the phase modulation periodicity are considerably suppressed when second-order 
modulation is used. The remaining spurious tones are due to non-idealities in the signal path, 
such as  the matching and accuracy of the reference phases. The measured phase noise (Fig 8.) 
of the DPS at 1-MHz offset from the carrier was below -110 dBc/Hz over the frequency range. 
The performance summary of the two synthesizer architectures is shown in Table I. 

 
Conclusions 
 

In this paper, the implementation issues and practical challenges of two all-digital wideband 
frequency synthesizer we discussed. These synthesizer architectures are well suited for modern 
nanometer scale CMOS technologies and will benefit from future technology scaling. As was 
demonstrated in this paper, both of the presented all-digital synthesizer architectures achieve 
wide operation bandwidth and fast frequency acquisition with low area and power consumption, 
which makes them appropriate for wideband RF frequency synthesis. To meet the requirements 
of  future radio systems the research of  these architectures  needs to be focused to lower phase 
noise levels and spurious content, while still maintaining the wide operation bandwidth and high 
operation frequency. 
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Fig. 3. ADPLL chip microphotograph. Fig. 4. DPS chip microphotograph. 

 

 

 

 
 

Fig. 5. Output spectrum of the ADPLL at 5.5 GHz. Fig. 7. Output spectrum of the DPS at 0.5 GHz. 
 

 

 
  

Fig. 6. Phase noise of the ADPLL at 5.5 GHz. Fig. 8.  Phase  noise  of  the  DPS  with  different  
frequency converter settings. 

 
 

 

TABLE I.  PERFORMANCE SUMMARY  

 ADPLL DPS 
Active Area 0.3 mm2 0.12 mm2 
Power Dissipation 22 mW 8.4 mW 
Frequency Range 2.7 … 6.1 GHz 0.1 … 4.3 GHz 
Frequency Acquisition Time < 20 s < 30 ns 
Phase Noise at 1-MHz offset < -85 dBc/Hz  < -110 dBc/Hz 
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