
 

      
Abstract--This paper describes a design of time-to-digital 

converter (TDC) utilizing a two-level conversion scheme. The first 
level is accomplished by a multi-phase sampling technique with 
the aid of delay-locked loop (DLL). Then the input signal and its 
adjacent sampling clock are manipulated and sent into a vernier 
delay line (VDL) sampling circuit. The proposed TDC can 
provide precise resolution with less hardware comparing to one 
level VDL sampling circuit possessing the same dynamic range. A 
new architecture of dual DLL circuit is also introduced to 
stabilize delay control against process and ambient variation. The 
test chip is designed and fabricated in 0.35µm digital process. 
With an input reference clock at 160MHz, the TDC achieves 24ps 
resolution. The DNL is less than ±0.55LSB and INL within 
+1LSB~-1.5LSB.    

I. INTRODUCTION 

IME-to-Digital Converter (TDC) has been widely used 
in many applications such as particle life time 

detection in high energy physics[1-3], equivalent-time 
sampling in oscilloscope[4], and laser range finder[5], etc. 
Traditional analog approaches such as dual slope and time-to-
amplitude methods are slow and vulnerable to system noise. 
New digital approaches using DLL have been widely adopted 
because DLL can provide accurate multi-phase sampling 
clocks and has the merit of low power. Due to the limitation of 
intrinsic delay of the delay buffer in DLL, several techniques 
based on the gate delay difference can improve the resolution 
up to sub-gate delay. The DLL array[2], multi-level[5] and 
vernier delay line (VDL)[3] methods have been presented. The 
VDL method provides excellent fine resolution but suffers 
from large chip area if wide dynamic range is required. Here 
we will present a two-level conversion scheme combining the 
multi-phase sampling and VDL sampling methods to alleviate 
the burden of the large number of delay stages in VDL method 
for a fixed dynamic range. 
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II. PRINCIPLE OF OPERATION 

Many TDC systems accept two asynchronous START/STOP 
input signals and resolve their time difference. The timing 
diagram is depicted in Fig.1. The key design issue is the fine 
measurement of the time intervals (∆T1, ∆T2) between the 
rising edges of START/STOP pulses and their succeeding 
reference clocks (TCLK). Thus, the dynamic range of the fine 
time digitization can be limited to one reference clock cycle 
only. The overall dynamic range can be further extended by a 
digital counter (T12).  

The fine time conversion process in the proposed TDC is 
divided into two levels as shown in Fig.2. Firstly, the rising 
edge of the input signal is digitized by N-stage equal-phase 
sampling clocks as shown in Fig.3(a). Then, the input signal 
and its adjacent sampling clock are fed into an M-stage VDL 
sampler illustrated in Fig.3(b). The resolution in the first level 
should be an integer multiple of the one in the second level. 
Thus, the resolution of the fine time conversion becomes 
TCLK/(M*N). The dynamic range of VDL used in the second 
level can be restricted to only a fraction of the whole reference 
clock cycle (=TCLK/N).  
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Fig. 1. Timing diagram of conversion 
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Fig. 2. Two-level conversion scheme 
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(a) Multi-phase sampler 
 

D Q

 ∆tfCLOCK'

INPUT'

V0

D Q

 ∆tf

V1

 ∆ts  ∆ts

D Q

 ∆tf

VM-1

 ∆ts

 
 

(b) VDL sampler 
 

Fig. 3. Two architectures of time samplers  
 

III. CIRCUIT DESCRIPTION 

The architecture of the proposed TDC is shown in Fig.4. The 
difficulty in designing the two-level conversion scheme results 
from selecting the sampling clock adjacent to the input signal. 
Decision must be made before sending sampling clock into the 
second level circuitry. The easiest way is to employ the 
sampling results of the DFF’s. However, the DFF’s used in the 
multi-phase sampler will suffer from the setup time violation. 
If the input signal and the sampling clock are very close, the 
resolving time of DFF’s will become longer. The solution to 
this problem is to introduce an extra stage of DFF’s after the 
sampler outputs as shown in Fig.5. The first level sampler 
output is re-aligned to the other sampling output by waiting a 
half clock cycle. The re-aligned outputs can then be sent into a 
dynamic NOR gate to extract the adjacent sampling clock 
information. At the same time, we must also add a delay path 
for the input signal to compensate the increased delay in the 
sampling clock path. The delayed input signal and its adjacent 
sampling clock are sent into the VDL sampler. 
In order to obtain the delay control of the multi-phase sampler 

and the vernier sampler, a dual DLL architecture is proposed 
as shown in Fig.6. The “fast” DLL contains N-stage delay 
buffers and regulates their delay to be ∆tf (=TCLK/N). Then we 
choose the output of the (N+1)th delay buffer  from the “fast” 
DLL to match with the output of the Nth delay buffer in the 
“slow” DLL. It forces the delay of the delay buffers in the 
“slow” DLL to be ∆ts (=[TCLK/N]*[N+1]/N=TCLK*[N+1]/N2). 

Then the resolution ∆tr in VDL can be obtained by the delay 
difference of the two gates : 

∆tr = ∆ts –∆tf = [TCLK*(N+1)/N2] - (TCLK/N) = TCLK/N2 
Thus, the delay stage number (M) in VDL sampler is the 

same as the number of the multi-phase sampler. The main 
advantage of such a dual DLL is that it needs only a single 
reference clock instead of two phase-delayed reference clocks 
proposed in the previous work[3]. 
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Fig. 4. Chip architecture 
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Fig. 5. Re-aligning circuit in the first level 
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Fig. 6. Dual DLL 

IV. IMPLEMENTATION AND MEASUREMENT 

The test chip of the proposed TDC has been designed and 
fabricated in TSMC 0.35µm SPQM Silicide process. The TDC 
uses 16 stages in both levels and provides 256 LSB’s in one 
reference clock cycle. The layout diagram is shown in Fig.7. 
The core area of the two-level TDC is 1,000 x 600 um2. We 
use HP 81200 Data/Pulse Generator with 2ps delay step to 
characterize the test chip. The TDC is running at a clock rate 
of 160MHz corresponding to one LSB of 24ps (=6.25ns/162). 
The DNL is less than ±0.55LSB and INL within +1LSB~-
1.5LSB as shown in Fig.8. The overall performance is 
summarized in Table.1 The worst case of INL and DNL are 
mainly caused by the mismatch of layout paths in the multi-
phase sampler and the crosstalk of input signals. 
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Fig. 7. Layout diagram of the proposed TDC 
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Fig. 8. DNL and INL 

 
Operating Voltage 3.0V~3.6V  

Temperature 0o~+60o  

Reference Clock  160MHz TCLK
-1 

Delay Stage 16 N 

Bin Size 256 N2 

LSB 24ps TCLK/N2 

Power < 50mW  
 

Table 1. Performance Summary 
 

V. CONCLUSION 

In this paper, a high-precision TDC using a two-level 
conversion scheme has been proposed and fabricated. By 
employing the technique of multi-phase sampling, the stage 
number of the second-level VDL sampler can be further 
reduced. A dual DLL providing delay regulation with single 
reference clock input is also presented. The test chip achieves 
24ps resolution with DNL less than ±0.55LSB and INL within 
+1LSB~-1.5LSB. 
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