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 

Abstract— Phase Lock Loops are used extensively in 

communications. This paper discusses a frequency synthesizer for 

generating the LO signal for up-conversion in GSM cell phones. This 

synthesizer takes a low frequency input clock and uses a phase lock 

loop / fractional N divider circuit to generate an output LO signal for 

the up-conversion mixer. It will be able lock onto any of the 124 

channels within the 890-915MHz bandwidth used for GSM 

up-conversion. This synthesizer is designed for low phase noise and 

low power, the two most critical parameters for mobile cell phone 

applications. 

 
Index Terms— Phase Lock Loop, GSM, Dual Modulus, Phase 

Frequency Detector, Charge Pump, Voltage Controlled Oscillator. 

I. INTRODUCTION 

HE top level design for a basic frequency synthesizer is 

composed of a phase detector, LPF, voltage controlled 

oscillator, and feedback divider for frequency multiplication. To 

improve the lock acquisition of the synthesizer, we designed a 

phase frequency detector. A charge pump was added at the output 

of the PFD to source / sink current and manage the voltage on the 

LPF. This voltage (VCONT), is used to control the capacitance of 

the LC tank of the VCO and set the oscillation frequency of the 

synthesizer output. Finally, a dual modulus divider (DMD) with 

an imbedded prescaler was used to dither between dividing by 

32/33 to set the output frequency as a fractional multiple of the 

input reference frequency. With an input reference frequency of 

27.8MHz, the output frequency is 

 

𝑓𝑜𝑢𝑡 =  𝑁 +
𝑑𝑖𝑡ℎ𝑒𝑟

𝑐𝑜𝑢𝑛𝑡
 ∗ 𝑓𝑟𝑒𝑓   

𝑤ℎ𝑒𝑟𝑒 𝑁 = 32,   𝑐𝑜𝑢𝑛𝑡 = 139,   &   𝑑𝑖𝑡ℎ𝑒𝑟 ∈ [1,139] 
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Figure 1: System Level Block Diagram 
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II. BLOCK LEVEL DESIGN 

A. Phase Frequency Detector and Charge Pump / LPF 
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Figure 2: CMOS PFD Block Diagram, Flip-Flop Latch Design 
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Figure 3: Charge Pump and LPF 
 

The PFD implementation is a circuit whose average output 

VOUT is linearly proportional to its input phase difference Δφ . 

Due to finite VCONT rise and falltimes resulting from large 

capacitances seen at low pass filter charging node, short PFD 

output pulses will have problems turning on the CP to 

charge/discharge the LPF adequately (deadzone). A stable VCONT 

is critical for low phase noise and low lock time.  Therefore, in 

order to minimize deadzone while providing a stable control 

voltage for VCO, improvements were made to the design. First, 

the PFD was designed with a delayed reset to be able to capture 

smaller input phase differences, which minimizes dead zone. Our 

deadzone is less than 10ps with a reference frequency of 

27.8MHz. This is less than 0.017rad, with near minimum sized 

reset delay buffers to conserve PFD power. 

When the phase difference is detected, a charge pump 

consisting of two switched current sources charges or discharges 

the loop filter in accordance with the PDF output pulses. A power 

conservative reference current of 50µA is used with current 

mirrors for this design and was adequate for a stable VCONT. 

However, the current switching introduces voltage spikes on 

VCONT, so a MOS capacitive divider was used to abate these 

spikes. 

To design for a lock settling time of 4µ: 

𝑇𝑆 =
16𝜋

𝜔𝑛
    →    𝜔𝑛 = 2𝜋 ∗ 16 

𝐾𝑟𝑎𝑑

𝑠
                              (eq.1) 
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where 𝜔𝑛  is the natural frequency of the closed loop phase 

transfer function for the synthesizer. We also chose a damping 

factor ζ to be slightly higher than 0.707 to be overdamped, which 

achieves the best settling time. Hence, the closed loop bandwidth  

is approximated as: 

2 2 2

B nω =ω 2ζ +1+ (2ζ +1) +1 2 *33  
Krad

s
     (eq.2) 

We chose to add the series RC portion of the LPF in order to add a 

zero to the system for greater stability. However, it also introduces 

a pole. Making C2 small relative to C1 (C2 ≈ 0.1C1) will push that 

pole frequency much higher than the zero, increasing stability. To 

design the LPF resistor and capacitor values: 

P VCO

1 2

n

I K
C = 2.0

2π×Nω
nF , 𝐶2 = 0.1𝐶1, & 𝑅 =

2𝜁

𝜔𝑛 𝐶1
=5.9kΩ 

(eq.3, refer to fig.3 for label mapping) 
Due to the large size of these capacitors, we decided to leave the 

LPF off-chip. 

 

B. Voltage Controlled Oscillator 
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Figure 4: a) VCO Schematic  b) VCO output at 890 MHz 
 

The schematic view of the implemented VCO is shown as Fig. 

4.  The cross-coupled NMOS differential pairs provide negative 

transconductance (-gm) to compensate the parasitic losses in the 

parallel RLC tank at resonance. A PMOS current mirror is used to 

supply to bias current, since PMOS transistors have lower flicker 

noise than NMOS transistors. Next, we used on-chip spiral 

inductors. Designing an inductor for maximum LC tank Q is 

important in VCO design because: 

Q ↑ = RP↑ = Ibias↓  for the same Vswing (Justification below). This 

lowers our power consumption for the VCO. Furthermore, a 

higher Rp also allows us to layout smaller NMOS’s since we then 

need a smaller gm value to cancel Rp. To measure the Q of the 

inductors, we connected a current source to an inductor and swept 

the frequency to find ZL.  𝑄 =  
𝜔𝐿

𝑅
  where 𝑍𝐿 = 𝑅 + 𝑗𝜔𝐿 . The 

inductors in our design are 25 nH each with parasitic RS ~10 Ω and 

Q of ~8.4 at 900 MHz. The varactors in our VCO design are 

PMOS transistors with source/drain connected together to form 

one terminal and gate as the other. Varactor size is also crucial 

because the losses in this type of capacitor are quite large and will 

lower the Q value of the RLC tank, which degrades the phase 

noise.  Therefore, its magnitude is chosen to be a small fraction of 

the effective tank capacitance, yet still large enough to provide 

proper tuning range.  To make sure that VCO is compatible when 

integrated in the PLL system, the initial VCONT voltage and output 

voltage swing need to be considered.  To ensure lock acquisition, 

we set the VCONT to a value close to that which causes the steady 

state output frequency.  Also, the VCO output swing needs to be 

large enough for the input of the fractional divider input. The 

following analysis estimates the VCO output swing: 

        𝑽𝒔𝒘𝒊𝒏𝒈 = 𝑰𝒎𝒊𝒓𝒓𝒐𝒓 ∗ 𝑹𝒑  𝒘𝒉𝒆𝒓𝒆  𝑹𝒑 = 𝑹𝒔 ∗ (𝑸𝟐 + 𝟏)      

(eq.4) 

Our Imirror of 1.8mA achieved the adequate swing of 1.2 V.  Also, 

in order for the output to oscillate, we need 1pm Rg                                    

We sized the NMOS’s for an adequate gm = 1.5mS. Because the 

DC level of the output is at 1.56V, our designed swing goes 

slightly beyond Vdd. However, this does not account for the 

parasitic resistance of the varactor, which in simulation gave us 

functional swing of 1.85Vppk that lies within the rail tolerances of 

the divider. 

 

C. Dual Modulus Divider / Prescaler 

 
Figure 5: Block Diagram of the Prescaler/DMD 
 

The final block of the synthesizer performs the frequency 

multiplication for the PLL. Since we must be able to lock onto 124 

output frequencies with 200kHz spacings over a 25MHz 
bandwidth, we need a fractional divider of high resolution. This is 

typically done with a prescaler and dual modulus divider. 

However, that has more limited resolution compared to a design 

which incorporates both blocks in one. Our design dithers by 

32/33, and it can generally be shown that the resolution of the 

synthesizer increases as the N value in N/N+1 increases. It is 

implemented in current mode logic (CML), which is fully 

differential and operates faster than CMOS. Also, because it 

operates on current biasing, less noise is injected on the power 

rails which, when coupled onto the VCO, causes oscillation jitters 

and more phase noise. Transistor level design of the main blocks 

are given below: 

              
 

Figure 6: a) AND/OR/NAND gate    b) OR4 gate     
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Figure 7: D-latch (Half of a Flip Flop) 
 

The critical parts here are to design the top two flip flops in fig. 5 

for fast TCQ and low Tsetup since they are clocked at the highest 

frequency of fout. This generally implies using larger bias currents, 

and was minimized to 50uA in our case. The downside to using 

smaller currents is the increased phase error at the outputs of the 

divider caused by increased TCQ delays of each of the registers. By 

sizing down the signal path transistors in our flip flops, we were 

able to minimize capacitances, lower TCQ delays, and minimize 

this phase error. The simulated phase error was around 0.6°. This 

phase error is another source of phase noise at the synthesizer 

output. Finally, in integrating this block into the system, the output 

had to have near rail to rail swing since it feeds into a CMOS PFD. 

Our output swings from 0.2V – Vdd, which is fine since these 

values are within Vthn and Vthp. 

III. MAIN CHALLENGES 

A. Design Challenges 

The difficult parts of the design came with integrating the PFD/CP 

with the VCO. This was because the output of the CP (VCONT) 

needed to be calibrated to center around the linear region of fig.12 

for the VCO. This required redesign work and multiple 

simulations to tune, most of which was performed on the VCO, 

which was much more flexible to change compared to the 
PFD/CP. 

B. Simulation Challenges 

PLL’s have a downside of taking massive amounts of time and 

resources to simulate. We overcame the disk quota issue by 

running simulations in local /tmp directories, and partly overcame 

the simulation time handicap by modeling parts of the PLL 

performance in MATLAB, which is much faster. 

C. Layout Challenges 

Layout of the digital blocks consisted of standard parts and posed 

no problem for DRC and LVS. However, L and C passives in the 

VCO caused LVS issues related to ground connections and netlist 

mismatches. In the end, the whole design passes DRC, and there 

were only a few LVS errors pertaining ground connection errors 

with the VCO passives. 

IV. SYSTEM LEVEL ANALYSIS / CALCULATIONS 
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Figure 8: Control System Level diagram of Synthesizer 
 

The closed loop transfer response of the system is modeled by 

                          
𝜙𝑜𝑢𝑡 (𝑠)

𝜙 𝑖𝑛 (𝑠)
=

𝐻 𝑠 𝑜𝑝𝑒𝑛  𝑙𝑜𝑜𝑝

1+ 
1

𝑁
𝐻 𝑠 𝑜𝑝𝑒𝑛  𝑙𝑜𝑜𝑝  

                  (eq.5) 

where  𝐻 𝑠 𝑜𝑝𝑒𝑛  𝑙𝑜𝑜𝑝 = 𝐾𝑃𝐹𝐷𝐻 𝑠 𝐿𝑃𝐹
𝐾𝑉𝐶𝑂

𝑠
 

and      𝐻 𝑠 𝐿𝑃𝐹 =
1+𝑆𝑅𝐶1

𝑠(𝐶1+𝐶2(𝑠𝑅𝐶1𝐶2)
 

Using simulation values for KPFD and KVCO, the closed loop 

response is plotted below: 

 
Figure 9: Closed Loop Phase T.F. of the Synthesizer 
 

From fig.9, we can verify that f3dB = 26kHz is relatively consistent 

with the estimate that the loop BW of a PLL is roughly equal to the 

cutoff frequency of the LPF, which we designed to be 33kHz. We 

can also find from the plot that the system is stable, having a phase 

margin of ~30° at an ft of 230kHz. With further time, we would 

also have done matlab analysis on the phase noise of the system 

introduced by error sources in red in fig.7. This would involved 

adding an effective VNOISE on top of the VCONT node, the resulting 

response of which would have been 

 

              𝜃𝑜𝑢𝑡  𝑠 =  
𝜃𝑟𝑒𝑓  𝑠 𝐾𝑃𝐹𝐷 𝐻𝐿𝑃𝐹 (𝑠)+𝑉𝑛𝑜𝑖𝑠𝑒 (𝑠)

𝑁∗𝑠+𝐾𝑉𝐶𝑂 𝐾𝑃𝐹𝐷 𝐻𝐿𝑃𝐹 (𝑠)
              (eq.6) 

 

An FFT plot of the VCONT node below shows that most of the 

fluctuation at that node would have been rejected by the low loop 

BW anyway, a factor that helps the phase noise performance of the 

system assuming a clean reference input. 

 
Figure 10: S.S. Spectrum of the VCONT  (1.15V at DC) 

V. SIMULATIONS 

Below are some of the key simulations characterizing the 

synthesizer: 

 
Figure 11: ICP vs. Input Phase Difference (PFD/CP) 
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Figure 12: VCO fout vs. VCONT (no osc. At SS75C, low VCONT) 

 
Figure 13: Time Plot of fref, ffeedback, and CP Control Pulses 

 
Figure 14: Time Plot of CP Control Pulses and VCONT 

 

Figure 15: Overdamped Transient Response of VCONT 

 
Figure 16: Phase Noise Performance of the VCO 

 
Figure 17: DMD/Prescaler Input and Output 

VI. SUMMARY TABLE 

 
Figure 18: Layout of the Frequency Synthesizer Chip 
 

Overall Value Units 

Power 10.27 mW 

Phase Noise (see VCO) dBc/Hz 

TSETTLE 8  (longer as ∆f increases) μs 

fref 27.8 kHz 

Loop BW ~ 26 kHz 

PFD/CP   

VDD 2.5 V 

Power 611 / 457   (PFD/CP) pW / μW 

KPFD 7.76 μA/rad 

VCO   

VDD 3.3 V 

Power 7.34 mW 

KVCO 53.33 MHz/V 

Phase Noise -100   (@100kHz offset) dBc/Hz 

DMD   

VDD 2.5 V 

Power 2.47 mW 

TCQ  (DFF) 160   (loaded) ps 

TSETUP  (DFF) 210   (loaded) ps 

Figure 19: Summary of Frequency Synthesizer Performance 

VII. CONCLUSIONS 

Overall, the frequency synthesizer performance was good in many 

areas, and less satisfactory in others. The power consumption was 
excellent compared to other papers, although the output was 

unloaded. The phase noise of the VCO was also excellent, and 

judging by the VCONT spectrum, the overall phase noise should not 

be much worse. However, our settling time is longer than 

desirable, and this can be fixed with changes on parameters such 

as the loop BW, which was on the low side and hurts stability. 
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