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A B S T R A C T

As technology continues to shrink, the challenges of developing manufacturing tests for integrated circuits
become more difficult to address. To detect parametric faults of new generation of integrated circuits such as 3D
ICs, on-chip short-time intervals have to be accurately measured. The accuracy of an on-chip time measurement
module is heavily affected by process, supply voltage, and temperature (PVT) variations. This paper presents a
new on-chip time measurement scheme where the undesired effects of PVT variations are attenuated significantly.
Two Delay Locked Loops (DLLs) are utilized to implement a robust Vernier delay line to measure on-chip time
intervals. Measurement results from a fabricated prototype using CMOS 0.18 μm technology indicate that the
proposed DLL based TDC reduces the effects of PVT by more than tenfold compared to the conventional on-chip
TDC using a Vernier delay line.

1. Introduction

Accurate short time measurement is essential for many applications
[1] including fault detection in Through Silicon Vias (TSV) based 3D ICs
[2] and hardware Trojan detection. Test solutions for TSV parametric
faults [3,4] require an accurate high-resolution time measurement
module. A delay measurement method is proposed in Ref. [5] to deter-
mine the delay variations caused by TSV open resistive defects. In this
method, a reference voltage is applied to the TSV under test and the
output is compared with a reference to determine pass/fail results. The
difference between frequencies of two ring oscillators has also been
proposed to detect TSV defects [6,7]. Most of the available on-chip
time-measurement solutions in the literature do not address the effect
of Process, supply Voltage, and Temperature (PVT) variations on the
measurement accuracy. A Vernier delay line is commonly used to mea-
sure on-chip short-time intervals [8]. The measurement resolution of a
Vernier based Time-to-Digital converter (TDC) is determined by the
propagation delay difference between the delay-cells used to implement
the TDC. However, the PVT effects can undermine the measurement
results in this method leading to faulty devices passing manufacturing
tests or good parts failing the tests. To ensure the accuracy of on-chip
measurement results in the presence of PVT variations, Delay Locked
Loops (DLLs) are utilized in the current study. Fine-coarse DLL based TDC
has been presented in Ref. [9]. The current study presents characteriza-
tion and measurement results of a Vernier based TDC controlled by two
DLLs implemented using Cadence tools and fabricated using 180 nm

CMOS technology. The rest of the paper is organized as follows: Section 2
introduces background of short time measurement methods, detailed
discussion and the architecture of the proposed scheme; Section 3 in-
troduces details of the measurement circuit and its limitations; simula-
tion and measurement results are discussed in Section 4; and conclusions
are presented in Section 5.

2. Architecture of proposed time interval measurement scheme

2.1. Background of short time measurement methods

The conventional approach to measure short-time intervals in the
integrated circuits is to utilize a series of delay cells and flip-flops to
convert a time-interval to a digital code. Such a scheme is commonly
called a tapped-delay line Time-to-Digital Converter (TDC). A tapped-
delay line TDC, as shown in Fig. 1a, consists of flip-flops employed as
arbiters. The start signal is applied to the data inputs of flip-flops through
a delay line and the stops signal is fed to the clock inputs. The time dif-
ference between the rising edges of the start and stop signals decreases
after each step until the start signal leads the stop signal. The outputs of
the flip-flops indicate the time difference between the start and stop
signals. The resolution of the time measurement in this method is limited
by the propagation delay of a single delay cell (td) in the delay lines. Such
a measurement resolution is not appropriate for many applications. To
increase the resolution of a tapped delay line TDC, a Vernier delay line
(VDL) based TDC is proposed. The schematic diagram of a VDL based
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TDC is shown in Fig. 1b. The measurement resolution of the Vernier
based TDC in Fig. 1b is determined by the time difference between the
propagation delays of the delay cells in the upper and lower delay chains
in the structure which is td1 � td2, where td1 and td2 are the propagation
delays of each delay cell at the top and bottom delay lines, respectively.
The resolution of a VDL based TDC is much smaller than the propagation
delay of one delay cell.

The measurement accuracy of a Vernier based TDC is heavily affected
by PVT variations. The propagation delay of the cells in the delay lines
changes with process, supply voltage and temperature variations
considerably affecting the measurement accuracy and resolution. To

overcome the undesired effects of PVT on the measurement results, in
this work Delay Locked Loop (DLLs) are used to control the propagation
delay of the delay cells through a reference signal.

2.2. Delay locked loop structure to control voltage of VCDL

A DLL is a feedback system that compares the phase between its input
and output signals [2]. In an ideal locked condition, the phase difference
between the input and output signals is reduced to zero. Fig. 2 shows the

Fig. 1. a) Tapped-delay line time to digital converter (TDC). b) Vernier delay
line conventional architecture.

Fig. 2. Block diagram of a conventional delay locked loop.

Fig. 3. Proposed Vernier delay line TDC utilizing two DLLs and using their
delay lines to control delay chains.

Fig. 4. Timing diagram of the proposed scheme, resolution tR ¼ td2 � td1.

Fig. 5. a) Layout of proposed scheme with detail blocks b) Chip photo of
fabricated prototype using CMOS 0.18 μm technology.
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