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ABSTRACT 
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With the rapid advance in CMOS technology. the trend.of the 
VLSI then towards system-on-chip (SOC) where design 
methodology. cost. and turnaround time are major issues. 
Concepts of intellectual property (IP) are then proposed to fit for 
SOC designs. Based on a DFS controller IP [4]. a wideband 
digital frequency synthesizer (DFS) is proposed to fit in with the 
wireless LAN applications. which provides low cost and 
efficient design periods. A 2-stage voltage-controlled oscillator 
(VCO) is designed to achieve the system requirements and 
generates such a high-speed frequency. Its output frequency 
range can be from 465MHz to 2.635GHz with double 3.0-V 
supplies. Besides, a novel cell-based digital-to-voltage converter 
(DVC) is also proposed to solve the interface between the DFS 
controller IP and the VCO. The wideband DFS is fabricated in 
0.35-um SPQM CMOS technology. 
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between the DFS controller and the VCO. In order to obtain 
better qualities of the output clock. a VCO is preferred in this 
design and a circuit called digital-to-voltage converter (DVC) i s  
developed to deal with the interface issue. If we combine the 
DVC and the VCO together. it is also a DCO indeed. Block 
diagram of this frequency synthesizer is shown in Figure 1. 
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1. INTRODUCTION 

In Wireless LAN transceiver design. we need a high-speed 
oscillator to produce a target frequency in the 900MHz and 
2.4GHz ISM bands. In order to generate the target frequency in a 
stable manner. a frequency synthesizer is usually used to create 
such a high-speed frequency from a low-speed input reference 
clock. There are many architectures proposed for these 
applications [1][2][3]. but most of them are analog designs. 

The TDC-based DFS architecture. like all digital phase-locked 
loop architecture [4]. can also be applied to these kinds of 
applications in high integration. Because the controlling parts of 
the DFS can be used as an intellectual property, a digital 
frequency synthesizer can be designed in a low cost and high 
efficiency. We only need to design a digital-controlled oscillator 
(DCO). with frequency ranges falling on the 900MHz and 
2.4GHz bands. 

Though a cell-based DCO is always preferred. it has some 
fundamental limits. A major problem is that such a high 
frequency band cannot be achieved by a cell-based DCO. 
Another problem is its high power consumption at high 
frequency. This is because a cell library is often designed for 
general purpose and an ASIC seldom works at so high frequency. 
It may achieve those specifications by careful design. but extreme 
cost will be paid indeed 

To overcome those problems. a DCO with full custom design is 
required. A DCO architecture proposed in [6] provides a possible 
solution. A voltage-controlled oscillator can also be used but 
some additional circuits are needed to handle the interface 
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Figure 1. Block Diagram of the Wideband Digital 
Frequency Synthesizer. which is based on a DFS 
controller IP. 

To explain how the new DCO is obtained. some issues about 
designing the proposed DCO are dealt with in Section 2. Section 
3 presents the detail circuit of the proposed cell-based DVC and 
2-stage differential delay cell techniques. In Section 4. simulation 
results are described and followed by concluding remarks in 
Section 5 .  

2. DESIGN OF PROPOSED DCO 

2.1 DVC Basic Concepts 

The controlling signals in the DFS controller are all digital but 
the VCO accepts only voltage. which is an analog signal. Than 
an interface is needed to handle this conversion. Since the 
resolution of the converted voltage influences the frequency step 
of the VCO. which is related to the stability and accuracy of the 
whole DFS. a DAC with high resolution is also required. 
According to the concept of the voltage transfer curve (VTC) of a 
static CMOS inverter. as showi in Figure 2.. a novel circuit 
named digital-to-voltage converter (DVC) is developed. 

A CMOS inverter acts not only an inverter itself but also a 
voltage-to-voltage converter. If the inputs are restricted only to 
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the states of high and low, it just performs the inverter function. 
But if all voltage levels are allowed in the input. it performs the 
voltage-to-voltage conversion. That is. one input voltage maps 
into one output voltage. If we are able to quantize voltage levels 
at the input, then a digital-to-voltage converter is obtained in a 
simple way. 

Quantization of voltage levels at the input can be achieved by the 
circuit, which is illustrated in Figure 3. This structure is similar 
to the parallel connection of inverters except all inverter inputs 
are not tied together. If each inverter input is connected together. 
it can just be regarded as a super inverter with large driving 
capability. The separate inputs are the key point to perform the 
function of digital-to-voltage conversion. 

The size of each inverter can be equal, binary-weighted or 
whatever confgurations. All the input. In[O] - In[n-l]. are digital 
signals. That is. they can only be at the state of either high or low. 
According to the functionality of an inverter. an input at low state 
will pull up the output to logic high. On the other hand, an input 
at high state will pull down the output to logic low. Since each 
input can be either high or low and each output is tied to the 
same node, the output will be at some voltage level between the 
high and low according to the input configurations. All inputs at 
low state will let the output at high and all inputs at high state 
will let the output at low. The more the inputs are at high. the 
lower the output voltage level. Some simulation results of the 
simple DVC structure are shown in Figure 4. There are 256 
inverters with equal size in these simulations. 
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Figure 3. A simple DVC architecture. 
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Figure 4. Simulation results of the simple DVC 
structure with 256 equal-size inverters. a= wp / wn. 
the channel width ratio of the PMOS and NMOS. 
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Figure 5. Differential Delay Cell. 

Differential Delay Cell 

The circuit of the proposed delay cell is shown in Figure 5. This 
cell has a differential structure to reduce the power-supply- 

Os ' l 5  I s  15 injected phase noise [7]. A tail current source MOS transistor. 
which is commonly used in a conventional emitter-coupled logic 
(ECL)-like differential CMOS pair, is avoided to reduce l/f noise. 
A pair of PMOS load transistors. M3 and M4. are added to the 
delay cell to constitute a CMOS latch. The cross-coupled NMOS 
transistors. M5 and M6. control the maximum gate voltage of the 
PMOS load transistors and linlit the strength of the added latch. 
When V , ,  is slow. the strength of the latch becomes weak. and 
the output driving current of the PMOS load increases. Therefore. 
the state of the latch is changed easily. and the delay time is 
reduced. Thus. when V,, is high. the latch becomes strong. and 
it resists the voltage switching in the differential delay cell. As a 
result. the delay time increases. With the help of the positive 
feedback of the latch. the transition edges of the output wavefomi 
remain sharp in spite of slow delay time. Since the delay cell is 
basically a simple differential inverter. full-swing waveform is 
generated from the ring oscillator. These facts make the delay 
cell perform complete switching and reduce the portion of on- 
time in tlie oscillaton period. 

l " P Y t  V o l t a l .  ( V )  

(b) (a) 

Figure 2. (a) Schematic of static CMOS inverter. and 
(b) its transfer curve. 
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3. CIRCUIT DESCRIPTION 
3.1 Advanced DVC Structure 

The major drawback of the simple DVC is its non-linearity, and 
it has to be modified to fit in our application. The output 
characteristic is approximately linear when small variations 
around the operating point are applied to the input. Thus. input 
words of the DVC are divided into two parts. One part is for the 
coarse tune and the other is for the fme tune. The coarse-tune 
process is similar to determine the operating point of the DVC 
and the fme-tune process is then to make small changes in the 
input. Since the operating point is determined, the relation 
between the output voltage and the fine-tune words is almost 
linear. 

To achieve the operations described above. we use tri-state 
inverters instead of the ordinary ones and make something 
difference at each input node. There are two types of tri-state 
inverters. The one with nonnal driving capability is used for the 
coarse tune and the one with very small driving capability is used 
for the fine tune. We reserve one inverter for pulling up the 
output voltage to the voltage high. The input pin of each tri-state 
inverter is always connected to the voltage high. Oppositely. the 
input of the individual inverter is always connected to the voltage 
low. The enable pin of each tri-state inverter now becomes the 
digital input of the DVC. The structure of the modified DVC is 
shown in Figure 6(a). Besides. there are two groups of input 
words in this DVC structure. One is called "Coarse" which is 
used for the coarse tune and the other is called "Fine" which is 
used for the fine tune. The controlling scheme of this DVC is 
shown in Figure 6(b). 

Because the input of the individual inverter is always connected 
to ground. the voltage level at the output node will be at voltage 
high if all the controlling words. Coarse and Fine. are off. When 
one or more of the controlling words are on, the voltage level at 
the output node will be pulled down toward to the ground. The 
more controlling words are on. the lower the output voltage is. 
The output voltage reaches its lowest value. which is d e t e m ~ e d  
by the characteristic of the inverter and the tri-state inverters. 
when all the controlling words. including Coarse and Fine. are on. 
Since every tri-state inverter in each part is the same. the output 
voltage is not determined by the turned-on order but is 
determined by the turned-on number. With the modified structure 
and the controlling scheme. we can greatly improve the linearity 
of the DVC. 

3.2 2-Stage, and High-speed Ring Oscillator 

In a conventional ring oscillator. the oscillation frequency is 
determined as 1/(2N T ). where N is the number of stages and r 
is the unit delay time of a delay cell. Hence the frequency of the 
oscillator is decided by the delay time of one delay element. The 
delay time cannot be sinaller than that of a single inverter: 
therefore. the maximum frequency of the VCO is linlited by the 
delay time of the basic inverter delay cell. To solve this 
frequency-linlitation problem. a single-end ring oscillator with a 
negative skewed delay schenie has been reported [SI. The 
proposed delay cell is single ended. and the oscillator is sensitive 
to the power-supply noise and not controllable. 

In this work, by using a dual-delay [7] and 2-stages [9] concepts 
to implement the VCO. higher operation frequency and wider 
turning range are achieved simultaneously. The modified VCO is 
shown in Figure 7. The differential delay cell is modified to 
combine dual-delay path into single delay path. A pair of PMOS 
transistors, M2 and M5, are added to the delay cell to 
compensate the PMOS performance and prematurely tum on the 
PMOS during the output transition. This operation enhances the 
unit delay time, r , of the output and contributes to reducing the 
phase noise of the overall VCO. Moreover. using 2-stage 
differential delay cell can also reduce the number of stages, N, 
and solve the frequency-limitation problem. 

For this modified differential delay cell, the higher controlled 
voltage, Vcmt. the larger current NMOS transistors pass and 
hence the faster the output frequency. 

4. SIMULATION RESULTS 

The post-layout simulations of the proposed design are 
perfonned in 3.0-V. and 0.35-uni CMOS SPQM technology. 
Because there are too many control states in the DCO. only two 
curves are shown in figures. The horizontal axis indicates the 
DCO coarse-tune stages and the curves shows the voltage 
changes with various coarse-tune words fixed at certain fme-tune 
control states. The lower curve is fixed at the stage where all of 
fine-tune tri-state inverters are turned on. Oppositely. the upper 
curve is fixed at the stage where all of fme-tune tri-state inverters 
are turned off. Between these two curves. there are 256 curves 
indicating the other fine-tune stages and are not illustrated for 
clearness. Minimum voltage resolution that the advanced DVC 
can achieve is about 0.25 mV. 

Figure 9 shows the tuning characteristic of VCO. The horizontal 
axis indicates the controlled voltage and curve shows the 
frequency changes with various voltages. Figure 10 shows the 
I.8GHz output waveform of VCO. The peak-to-peak voltage is 
about 2-V with a 1.5-V DC offset. 

The whole system can be simulated under Verilog with the aid of 
the DCO behavior model. This helps us to verify the function and 
tinling of the whole synthesizer in a short term before migrating 
to the physical design. In order to simulate the influence of the 
input jitter and verify our canceling scheme. a reference C I O C ~  
model with 20% jitter is introduced under Verilog siniulation. 
The Verilog simulation result is illustrated in Figure 1 1. 

Input Pattern 
C[n-1 :O]=OOO. ... 000 
C[n-I :O]=OOO. ... 001 
C[n-1 :O]=OOO .... 011 

C[n-l:O]=ll l....111 
F[m-1 :O]=OOO.. ..OCIO 
F[m-I :O]=OOO.. ..OCIl 
F[m-1 :O]=OOO .... 01 1 

I 

I 

(a) (b) 

Figure 6. (a) Modified DVC structure. and (b) its 
input pattern from DFS controller. 
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Figure 7. Modified 2-stage VCO structure. 

Figure 11. System simulation of proposed design. 

5. SUMMARY 

Based on this DFS controller IP, a wideband digital frequency 
synthesizer is proposed to fit in with the wireless LAN 
applications. A full-custom voltage-controlled oscillator (VCO) 
is designed to achieve the system requirements and generate such 
a high-speed fiequency In order to solve the interface between 
the DFS controller IF' and the VCO and provide a digital-to- 
voltage conversion, a novel cell-based digital-to-voltage 
converter (DVC) is proposed. too. This DVC only uses inverters 
and tri-state inverters, which are common and various elements 
in a cell library. The cell-based manner gives a low-cost and 
portable design methodology of the digital-to-voltage conversion. 

The post-layout simulation shows the DFS has the 
frequency range between 465 MHz and 2.635 GHz with 
resolution about of 13 KHz. In addition. the total power 
dissipation is under 80mW@1.8GHz. 

0 7 I L  21 28 35 L2 L'l 56 63 
Coarse-turn stages 

Figure 8. DVC tuning characteristics. 
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Figure 9. VCO tuning characteristics. 
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Figure 10. VCO Output Wavefom@l.8GHz. 
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