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Abstract—This paper presents an all-digital bandpass ∆Σ

time-to-digital converter (BP∆ΣTDC) for IF data conversion.
The proposed TDC is based on a second-order resonator im-
plemented by a cascade of two time-mode lossless discrete
integrators (LDI), and a digital-to-time converter (DTC) in a
feedback loop. The DTC is based on a new topology of double-
edge voltage-controlled delay unit (VCDU). The proposed TDC
achieves bandpass quantization noise shaping and it does not
require any complex calibration circuit to compensate for timing
errors. To realize the time-mode LDI-based resonator, time-
latches with some digital gates are employed. Moreover, a direct
feed-forward compensation is utilized in the TDC to attain
high signal-to-noise and distortion ratio (SNDR) by reducing
the internal time-mode swing, thus relaxing the speed and area
requirements on digital circuits leading to low-voltage operation.
The prototype BP∆ΣTDC achieves a 39.5 dB peak SNDR over
a 0.2 MHz signal bandwidth at 42.8 MS/s while consuming less
than 5 mW in a 1.2 V IBM 130 nm CMOS process. The proposed
TDC is highly digital and occupies a core area of only 0.048 mm2.

Index Terms—Bandpass ∆Σ TDC, digital-to-time converter
(DTC), lossless discrete integrator (LDI), negative time-
difference, noise-shaping, synchronization, time-to-digital con-
verter (TDC), time-latch, negative time-mode feedback.

I. INTRODUCTION

T IME-TO-DIGITAL converters (TDCs) are increasingly

used in many applications, such as time-of-flight (ToF)

[1], jitter measurement [2], medical imaging [3], all-digital

PLL (ADPLL) [4], and time-domain analog-to-digital convert-

ers (ADCs) [5], [6]. It is mainly because of this reason that

TDCs seem to offer the means to get around many of the

obstacles facing analog circuits as one moves to advanced

CMOS technology nodes (40 nm or less) [7]. In addition,

TDCs provide the opportunity to employ highly efficient

digital circuits to realize very complex mixed-signal circuits

[8]. Consequently, it is expected that TDCs achieve high-

performance (i.e., reoslution, bandwidth, dynamic range, etc.)

with the continued scaling the technology nodes.

Various implementations of TDCs have been proposed to

process time-mode (TM) information in the range of sub-

nanosecond or even sub-picosecond resolution. Some suc-

cessful examples of Nyquist-rate TDC are Flash TDC [9],
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pulse shrinking TDC [10], vernier delay line (VDL) TDC

[11], two and three dimension vernier TDCs [12], [13], and

delay-locked-loop-based (DLL) vernier TDC [14], [15]. How-

ever, mismatch between delay elements, leakage, and limited

sampling frequency range degrade the performance of such

TDCs. Oversampling TDCs with quantization noise shaping

have recently emerged as a viable alternative approach to

improve the time-resolution and overall conversion dynamic

range. Recently, there have been some studies on TM∆Σ data

conversion, as in [16], [17], that have achieved second-order

and third-order noise shaping, respectively. However, these

TM∆Σ TDCs rely on analog intensive approaches as the TM

signals are converted back to voltage or current signals. These

approaches are less attractive in advanced CMOS processes

with low supply voltage. To address this issue, a gated-ring

oscillator (GRO) based TDC [18], [19] and switched-ring

oscillator (SRO) TDC [20] were implemented in an all-digital

solution. These approaches nearly halve the chip area and

power consumption compared to the conventional designs. In

all of the oversampling TDC implementations published thus

far, the operation of these circuits is restricted to low-pass (LP)

baseband operation.

In this paper, we take a step further by proposing for the

very first time a second-order BP∆ΣTDC using digital-like

TM arithmetic circuits suitable for bandpass data conversion.

The BP∆ΣTDC is designed to operate over a wide range of

sampling frequencies, while taking advantage of the technol-

ogy scaling. The closed-loop TDC is designed using a TM

LDI-based resonator, TM subtractor, and an all-digital DTC

in a feedback loop. Two different techniques with digital

implementation are applied to adjust the timing variations

from the main system clock, synchronization and TM phase

alignment. In addition, a feed-forward topology is employed to

improve the SNDR. The prototype BP∆ΣTDC was fabricated

in a IBM 130 nm CMOS process. It operates from 4 MHz to

42.8 MHz sampling frequency and achieves 39.5 dB SNDR,

39.9 dB SNR, and 45.4 dBc SFDR at 0.2 MHz bandwidth in

a 42.8 MHz sampling frequency. It dissipates only 4.9 mW

from a 1.2 V supply. The active area is 275.1 µm×174.4 µm.

The reminder of this paper is organized as follows. Section

II introduces new TM building blocks and extensions to some

old ones. In Section III, the architecture of the TM LDI-

based resonator and operation details are described. Circuit

implementation of the proposed BP∆ΣTDC and simulation

results are discussed in Section IV. Section V provides the

measurement setup and experimental results, and section VI

presents the conclusion.
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II. NEW TM BUILDING BLOCKS AND EXTENSIONS TO

SOME OLD ONES

A. Previous Work

The architecture of the proposed BP∆ΣTDC is based on

a TM memory cell (TLatch) that is able to store (or write)

the input time-difference and latch it for further processing

(i.e., addition, subtraction, multiplication, or division) [21].

To realize this concept, an inverter-like structure called a

switched-delay unit (SDU) is employed to provide the voltage-

controlled delay cell with an on-off switch (SW ) in the

discharging path. The circuit schematic of the SDU is shown

in Fig. 1(a). PMOS transistor M1 serves as a current source to

charge capacitor C and M2−M4 provides a discharging path

for the capacitor. An additional digital inverter is employed

to provide a suitable digital signal at the output when the

voltage of the capacitor (VCap) crosses the threshold voltage

of the inverter (VTH ). The time-difference between the rising

edge of CLK to the rising edge of Φout is a fixed value and

denoted as TSDU . The timing diagram of the SDU is illustrated

in Fig. 1(b). The capacitor starts to discharge from VDD to

ground when CLK is set high. However, if SW is activated

low with some pulse-width ∆TSW , the discharge process will

be stopped and the voltage across capacitor VCap will be kept

constant. In essence, this action has delayed the discharge time

by exactly ∆TSW seconds, resulting in a low-to-high transition

appearing at the output TSDU + ∆TSW seconds later.

Fig. 1(c) displays the block diagram of the TLatch, which is

composed of a pair of SDUs and some digital gates. During the

write mode when W=0 and Rref=Rsig=1, the time-difference

between the rising edges of Φin,ref and Φin,sig , denoted as

∆Tin, is stored in the form of charge into the capacitors of

the two SDUs and retrieved after the arrival of the two falling

edges at the read ports, Rref and Rsig . In the read mode, the

stored TM information with the same value of input (∆Tin)

can be detected at the output after some internal propagation

delay (i.e., TSDU ) [21], [22].

The timing diagram of the input/output ports as well as

the internal connections of the TLatch are illustrated in Fig.

1(d). The top two plots show the ideal reference (Φin,ref ) and

signal clocks (Φin,sig); the next plot below shows the write

signal (W ). This signal is activated on the rising edge of the

Φin,ref and deactivated on the rising edge of Φin,sig . The reset

signal as depicted in the fourth plot from the top is a global

signal and initializes the digital gates of TLatch in each clock

cycle. Read signals (Rref and Rsig) are set equal to Φin,ref

so that the output can be read shortly after the arrival of the

falling edge at Φin,ref . Two internal signals, Trig and SWR,S ,

are plotted to illustrate the operation of each digital block.

The bottom two plots show the two output signals with time-

difference ∆Tout. Relative to the input TM signal, the output

TM signal is set after a half-period delay of the reference clock

Φin,ref having a 50% duty cycle. Mathematically, the output

TM signals ∆Tout can be written as the addition/subtraction of

a half-period delay of ∆Tin and the time-difference between

the two input read signals Rref and Rsig as follows

∆Tout[n] = ∆Tin[n−
1

2
]±∆TR[n] (1)
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Fig. 1. (a) Schematic of SDU, (b) timing diagram of SDU, (c) circuit diagram
of TLatch, (d) timing diagram showing the operation of the TLatch.
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Fig. 2. TLatch equivalent model in z-domain.

where

∆Tin[n−
1

2
] = tR,ref [n−

1

2
]− tR,sig[n−

1

2
] (2)

and

∆TR[n] = tF,Rref
[n]− tF,Rsig

[n] (3)

Here, tR and tF are denoted as the time instance of arrival

of the rising and falling edges of input digital signals, re-

spectively. In addition, to represent the half-period delay, we

make use of the time index (n-1/2) to represent the second half

portion of the nth-cycle of the reference clock signal Φin,ref .

An equivalent z-domain model for the TLatch can then be

described with the block diagram shown in Fig. 2.

In the following subsections, we shall describe several the

new TM building blocks used in this work: (B) the half-period

delay unit, (C) cascading of two half-period delay units, (D)

adaptive time offset correction, (E) a TM subtractor and (F) the

half-period delay DTC. Ultimately, these will be combined to

form the TM LDI-based resonator circuit - the core component

of the BP∆ΣTDC.

B. Half-Period Delay Unit

The circuit schematic of the half-period delay unit is shown

in Fig. 3(a). At its core is a TLatch with some random and

sequential logic to control its read, write, and reset signals.

These signals are generated by a block identified in the
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Fig. 3. (a) Circuit implementation of the TLatch with improved timing
precision, (b) operational timing diagram.

diagram as the Write Signal Producer. The operation of the

overall circuit can be described with the aid of the timing

diagram shown in Fig. 3(b). Let us first consider two input

signals, Φin,ref and Φin,sig . Here Φin,ref is assumed to be a

periodic signal with period Ts having a 50% duty cycle. To

explain the operation of the circuit, we start from the initial

condition when the W=“0”, Rref=Rsig=“1”, and the T-Flip-

Flop (TFF) is reset to its logic low state (i.e., Q =0). In this

situation, the TLatch captures the time-difference between two

rising edges at Φin,ref and Φin,sig . Upon the arrival of the

rising edge at Φin,sig , say at time tin,sig[n], the CLK input

of the TFF will be set to “1” and this changes the output of

TFF (Q) from “0” to “1”. When Q=1, the write signal of the

TLatch (W ) will be set to “1” and the TLatch will be placed

into an idle state.

On the arrival of the falling edge at Φin,ref , both Rref and

Rsig go logically low, the two SDUs inside the TLatch begin

to discharge towards ground, and deliver the rising edges at the

output of the TLatch. When the signal Φout,ref is set to a logic

high, the digital AND gate connected to the output ports in the

Write Signal Producer will set the signal S to “1” in order to

reset the TFF to “0” and change the state of W to “0.” There is

a small intensional delay τBuffer created by a buffer between
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Fig. 4. (a) Input-output transfer characteristic, and (b) gain error for the
TLatch circuit shown in Fig. 3(a) as found by Spectre simulation. Note that
the time offset is zero for ∆Tout.

the output of TFF and the B input to the OR gate. This delay

is used to set the pulse-width of the output signal Φout,ref .

After the output rising edges are read out completely (i.e., both

TLatch outputs are set high), the TLatch and TFF will be reset

by a NOR gate and ready to store the next TM sample value.

Assuming this condition is met, the half-period delay cell will

automatically store positive/negative TM signals, latch, deliver,

and reset itself after each cycle. As a result, the output pair of

the rising edges will appear at

tout,ref [n+
1

2
] =

Ts

2
+ TSDU (4)

and

tout,sig[n+
1

2
] =

Ts

2
+ TSDU −∆Tin[n] (5)

where TSDU represents the propagation delay of SDUs inside

the TLatch, and Ts is the period of the ideal reference clock.

This propagation delay introduces a signal-independent time

offset for both paths. Using (4) and (5), a difference equation

representing the output from the TLatch (∆Tout[n]) can be

written as

∆Tout[n+
1

2
] = tout,ref [n+

1

2
]− tout,sig[n+

1

2
]

= ∆Tin[n]
(6)

As seen from (6), ∆Tout[n+ 1
2 ] is not dependent on the time

offset term Ts/2 + TSDU .

The output time-difference, ∆Tout, for the half-period delay

unit is simulated in a 1.2 V IBM 130 nm CMOS process

for different input time-differences ranging from 0 to 3.5ns

operating with a reference clock of fs=42.8 MHz. The output

response versus input time-differences is shown in Fig. 4(a).

As is evident, the simulated ∆Tout follows quite closely

with a straight line behavior. The relative gain error transfer

curve shown in Fig. 4(b) was found to be less than 0.5% in

magnitude across the input range from 0 to 3.5ns, which is

approximately 15% of the reference clock period. This range

can be increased up to the full clock period Ts at the expense

of a lower operating frequency, as larger SDU capacitors will

be required to reduce charge leakage effects.
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Fig. 5. (a) Block diagram of a cascaded two half-period delays without TFFs,
(b) timing diagram (TSDU = Ts/4). Φin1,ref/sig represents the signals
Φin1,ref and Φin1,sig , respectively, and Φout1−2,sig/ref represents the
signals Φout1−2,sig and Φout1−2,ref , respectively.

C. Cascading Of Two Half-Period Delay Units

An essential feature of the half-period delay circuit shown

in Fig. 3(a) is its ability to be cascaded to create a larger delay.

For instance, a one-period delay (z−1) can be realized by

cascading two half-period delay cells. To complete the circuit,

the input and read ports of the second TLatch (TLatch2) are

connected directly to the output ports of the first TLatch

(TLatch1). This is shown in Fig. 5(a). However, prototypes

of the realization have been found to be sensitive to device

mismatches among elements in the Write Signal Producer

(i.e., digital buffer, digital gates) and the SDU elements of

the TLatches leading to a nonlinear transfer characteristic.

Fig. 5(b) shows the timing diagram of a TLatch cascade. To

simplify our presentation, the input and reference signals are

superimposed on top of one another, thereby highlighting the

time-difference signal. This notation will be used extensively

throughout this paper. The input TM signal is delayed by

a half-period clock to generate the signals Φout1,ref (solid

line) and Φout1,sig (dashed line). In this situation, the time

difference between Φout1,ref and Φout1,sig is latched by the

TLatch2 and is kept until the falling edge of the sum of these

two signals arrive to initiate the read out of this TLatch (using

OR gate in Fig. 5(a)). Unlike the time-to-time integrator in

the TM biquadratic filter realization [23], where the output

signals of TLatch1 are propagated through the next TLatch

and connected to the read signals of TLatch2, in our case it

is much more convenient to use the falling edges of Φout1,ref

and Φout1,sig to read out the latched data at the output of

the TLatch2 at the proper time. However, the falling edges at

the output of the TLatch1, say at time tref,fall[n + 1/2] and

tsig,fall[n + 1/2], can occur at any time between the rising

edge of Φout1,ref and the next rising edge of Φin1,ref , where

tref,fall[n+
1

2
] =

Ts

2
+ TSDU1 + τBuffer1 (7)

and

tsig,fall[n+
1

2
] =

Ts

2
+ TSDU2 + τBuffer2 (8)

(a)

TLatch1

ΔTR1=0

TLatch2

Write Signal 
Producer

ΔTR2=0

2

TFFs

2

TFFs

Φin1,ref

ΦTL-out1,sig

Φout2,sig

Φin1,ref

ΦTL-out2,sig

T Q

TFF

R

T Q

TFF

RΦTL-out2,sig

ΦTL-out2,ref

Φin1,ref

Φout2,sig Φout2,ref

Φin1,sig

(b)

ΔTin[n]

ΔTin[n]

TSDU

Φin1,ref/sig ΔTin[n+1]

τBuffer

Φout1,sig/ref

ΦTL-out1,sig/ref

ΦOut2sig/ref

ΔTin[n]

ΦTL-out2,sig/ref

ΔTin[n+1]

ΔTin[n]

TSDU

ΔTin[n+1]

tin1,sig[n]tin1,ref[n]

tout1,ref[n+1/2]tout1,sig[n+1/2] tout2,ref[n+1]tout2,sig[n+1]

tin2,ref[n+1]

Φin1,ref

ΦTL-out1,ref

Φout1,sig

Φout1,ref
ΦTL-out2,ref

Φout2,ref

[n] [n+    ]
1
2

[n+1] [n+    ]
3
2

Fig. 6. (a) Block diagram of a cascaded two half-period delays with TFFs,
(b) timing diagram (TSDU < Ts/4).

Here TSDU1 and TSDU2 represent the propagation delay of

SDU1 and SDU2, respectively, inside TLatch1, and τBuffer1

and τBuffer2 represent the individual delay of each buffer in

the two Write Signal Producer circuits. The rising edges at

Φout2,ref and Φout2,sig as a function of the n-th cycle of the

input reference clock, Φin1,ref , occur at

tout2,ref [n+ 1] =
Ts

2
+ 2× TSDU1 + τBuffer1 (9)

and

tout2,sig[n+1] =
Ts

2
+2×TSDU2+τBuffer2−∆Tin[n] (10)

Equations (9) and (10) illustrate that the output pair of rising

edges of TLatch2 are dependent on TSDU1 and TSDU2 and

the digital buffer delay of the Write Signal Producer block in

TLatch1, which is often difficult to set precisely. This issue

becomes more serious in face of PVT variations. In addition,

the TSDU of each TLatch needs to be designed exactly equal to

Ts/4 in order to realize the desired transfer function z−1. Us-

ing (9) and (10), a recursive difference equation representing

the output of the cascaded half-period delays can be written

as

∆Tout[n+ 1] = tout2,ref [n+ 1]− tout2,sig[n+ 1]

= ∆Tin[n] + 2× (TSDU1 − TSDU2)

+ τBuffer1 − τBuffer2

(11)

Clearly, the differences in the delays along each signal

path introduces a unique time offset. To minimize this off-

set, two additional TFFs can be placed in cascade with the

output of each TLatch as shown in Fig. 6(a). The TFFs are

synchronize with the falling edges of signals ΦTL−out1,ref

and ΦTL−out1,sig together with the next rising/falling edge of
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Φin1,ref . In the circuit of Fig. 6(a), the outputs of each TLatch

are connected to the clock ports of TFFs. Upon the arrival of

a pair of rising edges at ΦTL−out1,ref and ΦTL−out1,sig , the

outputs of the TFFs will change their states to “1” and will be

remained unchanged. On occurrence of the rising/falling edge

of the reference clock Φin1,ref (rising edge for the first pair of

TFFs and falling edge for the second pair of TFFs), the outputs

of TFFs will be changed to “0” resulting in a synchronization

of the falling edges of TLatches with the reference clock

Φin1,ref . Consequently a pulse of fixed width is produced

at the TLatch output independent of any digital component

mismatch. Subsequently, the output signals Φout2,ref and

Φout2,sig are no longer dependent on any internal buffer delay,

as a detail analysis reveals (see Fig. 6(b)) that the rising edge

transitions are located at the following time instances:

tout2,ref [n+ 1] = Ts + TSDU1 (12)

and

tout2,sig[n+ 1] = Ts + TSDU2 −∆Tin[n] (13)

Using (12) and (13), the recursive time-difference equation for

the (n+ 1)-th time instance will be equal to ∆Tout[n+ 1] =
∆Tin[n] + TSDU1 − TSDU2. As is evident, the addition of

the TFFs eliminate the effect of the buffer mismatches on the

Tlatch time offset.

To see the sensitivity of the rising edges of TLatch2 with and

without TFFs in the presence of transistor mismatches among

the digital components in the Write Signal Producer and

TLatches, the circuits shown in Fig. 5(a) and Fig. 6(a) were

simulated at the transistor level using the Monte-Carlo analysis

within Spectre. In this simulation, the widths of individual

transistors were assigned a random value drawn from a Normal

distribution with a mean value set to its nominal value and

a sigma equal to 10% of this value. Two digital square-wave

signals at a frequency of 42.8 MHz with a time offset ∆Tin[n]
set to 500ps was applied to the input of the unit delay cell (cas-

cade of two half-delay cells). The time-difference between the

input rising reference signal Φin1,ref and the corresponding

output reference signal Φout2,ref was evaluated relative to the

period of the reference clock Ts, i.e.,
tout2,ref [n+1]−tin1,ref [n]

Ts
.

Fig. 7(a) shows the histogram of the input-output delay for the

circuit shown in Fig. 5(a). Here the input-output time delay

exceeded the reference period with a mean value 12% larger

than the ideal expected value. Moreover, the overall input-

output delay experienced a standard deviation σ of 0.49%. In

contrast, Fig. 7(b) shows the histogram of the output delay

when TFFs are used at the output of the TLatches. Here one

sees that the input-output delay increased slightly to 18% but,

more importantly, its σ reduced to 0.34%. While the latter

circuit approach introduced a larger output-referred time offset,

this offset can be further reduced with the introduction of an

adaptive delay circuit.

D. Adaptive Time Offset Correction

While the cascading of two half-period delay block de-

scribed in the previous section (Fig. 6(a)) offers full-period

delay, its input-output delay contains a fairly large time offset.

(a) (b)

Fig. 7. Monte-Carlo simulations (N = 1000 samples) of the cascaded half-
period delays (a) without TFFs, (b) with TFFs. The mean and the std have
been calculated for the output delay from tin1,ref [n] to tout2,ref [n+ 1].

Fortunately, this problem can be reduced by designing an adap-

tive delay block, which is capable of producing a fractional-

period delay to compensate for any time offset. The block

diagram of the cascaded half-period delay with an adaptive

delay along with its detailed timing diagram is shown in Fig. 8.

The adaptive delay block receives the output time-difference of

TLatch1 (time-difference between the rising edges of signals

Φout1,ref and Φout1,sig) and produces an output signal ∆Φout

that is aligned with the rising edge of the reference signal

Φin1,ref . It consists of two main components: a phase-detector

and a TM phase alignment circuit. The phase detector provides

a pulse-width signal that corresponds to the time-difference

between the rising edges of Φout1,sig and Φout1,ref . This can

be realized by using a digital XOR gate at the output of

TLatch1. However, this time-difference extraction may contain

significant nonlinear components related to the falling edges

of Φout1,ref and Φout1,sig . To remove these, the output node

of the XOR gate labeled ΦX is synchronized by the reference

clock with an additional digital AND gate to eliminate the

unwanted pulse-width signal that occurs after the falling edges

of Φout1,ref and Φout1,sig . The output of the phase-detector

(signal ΦPD) is directly connected to a TM phase alignment

circuit for precise edge placement.

The TM phase alignment circuit is shown in Fig. 8(a). It

contains a switch controller block, a multiplexer, an inverter-

based delay line, extra pulse remover blocks and a digital ten-

input OR gate. The output of the switch controller block is

initially low (S=“0”) and enables the ΦPD pulse signal to

arrive at the output port of the multiplexer (MUX). The MUX

output then propagates through the inverter-based delay line

to generate signals Q < 1 > to Q < 10 >. After the arrival

of the falling edge of signal ΦPD, selection signal S is set to

a logic “1” and stay at this level until a TSDU delay after the

next rising edge of the reference clock Φin1,ref . The second

input to the MUX labeled IN2 is now connected to the MUX

output (OUT). This, in turn, closes the loop around the delay

line allowing the line to reset itself. Using this technique, there

will always be one signal of Q < i > (i=1 to 10) that is aligned

with the reference clock.

The ten outputs from the delay line are compared to the low-

portion of the reference clock (labeled as TH ) using a bank
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Fig. 8. (a) Circuit diagram of the cascaded half-period delay with an adaptive delay block, and (b) timing diagram.

of two-input OR gates. Subsequently, only those pulses that

overlap with the low-portion of the reference clock Φin,ref

are passed (signals T < i >). In order to remove additional

pulses that appear after the low activation of T < i >, some

additional filtering is performed using the extra pulse removal

circuits. The outputs of the circuits are then added together by

a ten-input OR gate to produce ΦSR. Consequently, ΦSR will

be set high for a duration equal to the duration of the low-

portion of the reference clock and the duration of the ΦPD

signal. The time difference between the falling edge of ΦSR

and the rising edge of Φin,ref is used to generate an output

signal Φout with a pulse-width equal to that established by

ΦPD using a two-input AND gate with no offset with respect

to the rising edge Φin,ref .

To illustrate this operation, a timing diagram is presented in

Fig. 8(b)). During the n-th clock cycle, Q < 10 > is aligned

with the falling edge of Φin,ref and during the next clock

cycle, Q < 3 > is aligned with the falling edge of Φin,ref .

Here, the extra pulse remover block eliminates the extra shifted

of the ΦPD signal and generate signal ΦSR whose pulse-width

is TH + ∆Tin. Digitally multiplying the ΦSR with Φin1,ref

results in a well-aligned output signal, Φout.

Fig. 9 shows the circuit schematic and the timing diagram

of the extra pulse remover circuit. The valid controller logic

generates the signals En and reset (R) for the TFF with a delay

of τ = TSDU from the input reference clock Φin1,ref . The

signal En is digitally multiplied by the input signal T < i >
to produce the signal A which eliminates the most shifted

signal of ΦPD. Signal R sets the Q of TFF to level “1” and

keeps its state until the falling edge of T < i > has arrived.

The Q and A are then multiplied together using a two-input

AND gate to produce the output O < i > signal without any

additional pulses.

To verify the operation of the circuit shown in Fig. 8(a), a

Monte-Carlo simulation was performed to obtain the output

delay from the rising edge of the reference clock, say at time

[n] [n+1]

Q

R

T

En

(b)

τ

T<i>

VDD

A

O<i>

En

Extra pulse 
remover

T<i>

Φin1,ref
O<i>

Valid controller

(a)

Φin1,ref

T<i>

O<i>

R

Q

En

A

Φin1,ref TSDU

ΔTin[n]

τ

ΔTin[n+1]

[n+2]

(c)

TSDU

Q

Fig. 9. Extra pulse remover: (a) block diagram, (b) circuit schematic, (c)
timing diagram.

tin1,ref [n], to the rising edge of Φout when subject to the same

device mismatches described earlier. Fig. 10 shows the relative

error histogram for the cascaded half-period delay with an

adaptive delay circuit. The error histogram appears Gaussian

with a mean and a standard deviation of 0.1% and 0.095%,

respectively. As is evident, the offset has been greatly reduced

without increased sensitivity to device mismatches.

E. TM Subtractor

Fig. 11(a) illustrates the circuit schematic of the TM sub-

tractor, which is a modified form of the TM subtractor first

described in [22]. Here the subtractor circuit uses a TLatch in

the feedforwad path, and an adaptive delay, a negative time-

difference detector block as well as two MUXs in the read

path. The TLatch is considered as the computational memory

that stores the input time-differences, ∆Tin1, and performs

basic arithmetic operations (i.e., addition or subtraction) from
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Fig. 10. Monte-Carlo analysis (N = 1000 samples) for the transistor
mismatches (∆Tin = 500 ps, TSDU = Ts/8, and fs = 42.8 MHz).
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Fig. 11. (a) Block diagram of the modified TM subtractor and (b) timing
diagram.

the second input signal, ∆Tin2. In this implementation, the

time-difference of ∆Tin2 is first extracted and aligned with

the reference clock, Φin1,ref . At the same time, the polarity of

∆Tin2 (i.e., positive or negative) is detected at each sampling

instant by the negative time-difference detector and flips the

roles of Rref and Rsig by changing the selector inputs of each

MUX (S pin).

To better understand the TM subtractor, the subtraction of

two categories of signals will be illustrated in Fig. 11(b):

one involving a positive TM signal ∆Tin2[n], and another

involving a negative TM value. Beginning with the positive

TM signal case, during the n-th clock cycle, both TM input

samples, ∆Tin1[n] and ∆Tin2[n], are positive and connected

R

T

Q QR
Φneg

TFF1 TFF2

T

SDU

VDD

SW

VDD

Negative time-
difference detector

Φin1,ref

Φneg

(a)

Φin2,ref

Φin2,sig

Φin1,ref

Φin2,ref

Φin2,sig

(b)

CLK1 Q1 Q2

CLK2

Fig. 12. Circuit schematic of the negative time-difference detector.

to the input and read ports, respectively, of the TLatch. As

seen in Fig. 11(b), the TLatch captures the ∆Tin1[n] at its

input ports and waits for the ∆Tin2[n] to be aligned with the

falling edge of the reference clock Φin1,ref then generates

the signal Φout. The signal Φout is then added with Φin1,ref

to produce signal Φadd, which is connected to either Rref

or Rsig , depending on the positive/negative sign of ∆Tin2.

The edge alignment and time addition are performed by the

adaptive delay line and a digital OR gate, respectively. At the

arrival of an input pair of falling edges labeled with Rref and

Rsig , the subtraction of two TM signals will be read out. As

a result, the rising edges at the output of the TLatch occurs at

∆Tout[n+
1

2
] = tout2,ref [n+

1

2
]− tout2,sig[n+

1

2
]

= ∆Tin1[n]−∆Tin2[n]
(14)

During the (n + 1)-th clock cycle, when ∆Tin1[n] >0

and ∆Tin2[n] <0, the negative time-difference detector will

change Φneg to “1”, thereby forcing the multiplexers to change

the connection of read signals. In this situation, ∆Tin1[n+1]
stored in the TLatch will be added to the ∆Tin2[n + 1]. As

shown in Fig. 11(b), the time difference between the output

rising edges for the (n+1)-th cycle of the reference clock can

be written as

∆Tout[n+
3

2
] = tout2,ref [n+

3

2
]− tout2,sig[n+

3

2
]

= ∆Tin1[n+ 1] + ∆Tin2[n+ 1]
(15)

The circuit schematic of the negative time-difference de-

tector is shown in Fig. 12. In this circuit, the negative time-

difference at the input signals Φin2,ref and Φin2,sig is detected

by an AND and a NOT digital gate to produce the CLK1

signal. Upon the arrival of the rising edge at Φneg , Q1 is set

to “0”, which activates the TFF2 to change its state when the

rising edge of CLK2 arrives. To synchronize the TFF2 with the

input reference clock of the TM subtractor, Φin1,ref , a SDU

with a propagation delay of TSDU is utilized. The additional

XOR gate at the output sets the Φneg to logic “1” whenever

the rising edge occurs on either Q1 or Q2.

Fig. 13 shows the Spectre simulation of the output time-

difference versus ∆Tin2 for the TM subtractor with and

without digital circuits to control the read ports. As is evident,

when the multiplexers and negative time-difference detector

shown in Fig. 11(a) are used in the read path, the TM

subtractor circuit is able to distinguish between the positive
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Fig. 13. Simulation results of the TM subtractor: output time-difference
(∆Tout) versus ∆Tin2 with ∆Tin1=100 ps at 42.8 MHz.
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Fig. 14. Half-period delay DTC: (a) block diagram, (b) circuit schematic, (c)
operational timing diagram.

or negative TM signals carried by ∆Tin2 and subtract it

from ∆Tin1. The output response (line with black circles) is

compared with the ideal (solid line only) and the subtractor

without digital control (dashed line only) responses. As can be

seen from the simulation, there is a good agreement between

the simulation of circuit shown in Fig. 11(a) and the ideal

subtractor.

F. Half-Period Delay DTC

A final building block necessary to realize a BP∆Σ modula-

tor is the digital-to-time converter (DTC). A detailed schematic

of the DTC used in this work together with its timing diagram

are shown in Fig. 14. The circuit corresponding to this block

will take as input a 1-bit digital signal on the rising edge

of Φin,ref and produce a corresponding output TM signal

(Rref1 and Rsig1) centered around the falling edge of the

Φin,ref . More specifically, for a digital input of logic “0” the

DTC will produce an output TM signal Rsig1 that lags the

reference signal Rref1 by 1 ns. Rref1 will be activated on the

falling edge of Φin,ref . Conversely, for a input of logic “1”

the output Rref1 will be made to lag behind the Rsig1 by 1

SDU

VDD

SDU

Φin,ref
Q

TFF1

T

VDD

QT

Φs

ΦrV′in

TFF2

Double-edge 
VCDU

Φin,ref

V′in

Φs

Φr

(b)(a)

Fig. 15. (a) Block diagram of the double-edge VCDU, (b) circuit schematic
of the double-edge VCDU.

ns, when Rsig1 is activated on the falling edge of Φin,ref . The

magnitude of 1 ns pulse-widths were selected to ensure that the

subtractor at the front-end of the modulator does not saturate.

Numerous transistor-level simulations were performed using

Spectre to identify this value. At the core of the DTC is a

new type of delay element block which will be referred to as

the double-edge VCDU. This block is an extension of previous

proposed VCDUs [24]. Past VCDUs would delay the incoming

rising edge of a digital signal by an amount determined by an

input voltage level Vin. In this work, a signal conditioning

block is used at the input control voltage port to increase the

VCDU linear operating region. Readers can refer to [25] for

more details.

In the case of a double-edge VCDU, both the rising and

falling edges of the incoming digital signal are delayed in

equal portion with respect to the input control voltage Vin. In

other words, a double-edge VCDU delays both transitions of

the input reference signal Φin,ref by the exact same amount

set by Vin. This provides an opportunity to run TM circuits at

twice their normal operating speed, or as demonstrated here, to

provide a half-period delay DTC. Another key benefit of using

the double-edge VCDU is that the output time-difference of

the DTC, denoted by ∆TDTC , can be easily controlled by Vin

over a linear range, and thus no significant circuit-level design

effort is required.

The detailed implementation of the double-edge VCDU is

shown in Fig. 15. Two SDUs are clocked at the rising and

falling edges of the reference signal, Φin,ref , and produce

two signals with propagation delay TSDU relative to the rising

and falling edges of Φin,ref . These two signals are then used

to toggle the two TFFs such that the XOR of their Q-outputs

produce signal Φr with the same period of Φin,ref . The signal

Φs is equal to the input reference clock Φin,ref with the same

propagation delay as those circuits that appear in the signal

path defined from Φin,ref to Φr.

Fig. 16(a) shows the transient response of the double-

edge VCDU with input bias conditions (Vin) ranging across

the voltage supply from 0 V to 1.2 V. As is evident, for

the each input voltage, Vin, the time-difference between the

rising edges of the reference clock, Φin,ref , and the output

of the double-edge VCDU, Φs, is equal to the time-difference

between the falling edges of Φin,ref and Φs. In order to verify

the linearity of the propose double-edge VCDU, we performed

a transistor-level Spectre simulation. The results sre shown in

Fig. 16(b), where the linearity error is defined as the largest

deviation from the linear behavior over the ideal response in
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Fig. 16. Transistor-level simulation results of the double-edge VCDU: (a)
transient response at different voltage input voltages and (b) linearity error.
The relative linearity error is defined as the largest deviation from the ideal
behavior over the full scale linear range of the input voltage. Note that Φs =
Φin,ref .

percent [25]. Simulation results indicate that the linear range

for both rising and falling edges is below the 8-bit resolution

for a full-scale range from 0 to 0.8 V.

III. TM LDI-BASED RESONATOR

To achieve a BP∆ΣTDC with a narrow 3-dB bandwidth

and deep notch frequency (equivalently, one with a high Q-

factor), the second-order TM LDI-based resonator shown in

Fig. 17 will be used. Part (a) of this figure shows the z-

domain block diagram of the proposed LDI-based resonator

with input-output transfer function

T (z) =
z

−1

1 + z−2
(16)

and (b) illustrates the corresponding block diagram using

TLatches. This particular arrangement was selected based on

the half-period delay that can be realized by the TLatch.

As is evident from Fig. 17(a), six TLatches can be used to

implement the resonator structure: two in the feedforward path

and four in the feedback path. However, due to manufacturing

processing errors, temperature and supply voltage variations,

one of the half-period delay elements in the feedback loop

will be replaced by the adaptive delay element. One additional

advantage of using the adaptive delay element in the feedback

path is that it is capable of handling a wide range of sampling

clock frequencies. This is because the adaptive delay tracks

the phase alignment between its input TM signal and the

reference clock so that the total loop delay in the feedback path

is nearly equal to two clock-period delays (i.e., z−2). While

process errors can also affect the delay in the feedforward

path of the LDI resonator involving TLatch1 and TLatch2,

this error will be accommodated by the DTC in the feedback

loop of the BP∆ΣTDC - more on this later in section IV. It

is also important to note that TLatch2 performs a subtraction

role in addition to including a half-period unit delay in the

feedforward signal path.

The circuit-level implementation of the proposed second-

order TM LDI-based resonator is shown in Fig. 18(a). The

feed-forward path consists of a half-period delay unit and one

input port to the TM subtractor to realize the numerator portion

of the resonator transfer function (Eqn. (16)). The denominator

term (1 + z−2) is achieved by the application of three half-

period delay units and another port of the subtractor circuit
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Fig. 17. (a) z-domain LDI-based resonator consisting of two half-period delay
elements in the feedforward path and four half-period delay elements in the
feedback path, (b) the block diagram of the proposed TM LDI-based resonator
constructed with multiple TLatches.

of Fig. 11 - which includes another TLatch and the adaptive

delay element for another half-period delay.

The timing diagram of the proposed TM LDI-based res-

onator is illustrated in Fig. 18(b). Starting from the first

two cycles corresponding to the time index [n − 1] and [n],
the output is assumed to equal ∆Tin[n − 1] and ∆Tin[n],
respectively. During the [n+1]-th cycle, ∆Tin[n− 1] appears

at the output of (TLatchFB3) in the feedback path. The

time-difference between the two rising edges of the output

of TLatchFB3 (i.e., Φout,ref,FB3 and Φout,sig,FB3) is then

extracted by a phase-frequency detector (PFD) and aligned

with the reference clock Φin,ref . However, over one period

of the reference clock Φin,ref , the feedback signal produces

a negative time-difference, meaning that the rising edge of

Φout,ref leads the rising edge of Φout,sig . This negative TM

instance will appear at the output of TLatchFB3 during the

[n+4]-th time instance and sets the Φneg signal to “1” TSDU

seconds after the next rising edge of clock reference. This, in

turn, flips the subtractor into its adder mode. As a result, the

desired transfer function is achieved at the output of the TM

LDI-based resonator (∆Tout).

The circuit prototype of the TM LDI-based resonator was

designed in a 130 nm IBM standard CMOS process with a

1.2 V supply voltage. The proposed resonator operates over

a wide input range (∆Tin) from 0 to 3.5ns under different

sampling frequencies from 4 MHz to 43 MHz. The lower

limit of the sampling frequency is set by the capacitor current

leakage in the SDU of the TLatches during their holding

phase. Conversely, the upper limit is due to the charging time

constant established by the SDU capacitors. In this design,

a compromise between the current leakage and bandwidth

limitation lead to the SDU capacitors being set to 600 fF.

To verify the performance of the resonator, a step response

with a constant input time-difference of 1 ns was applied to the

input of the resonator (i.e., ∆Tin=1ns) and the corresponding

output TM signal was captured and analyzed using an FFT.
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Fig. 18. TM LDI-based resonator with negative TM signal detect circuitry: (a) circuit schematic, (b) timing diagram. Φout,sig/ref,FB1−3 in the timing
diagram represents the signals Φout,sig,FB1−3 and Φout,ref,FB1−3, respectively.

Circuit (Fig. 18(a))

Block diagram
 (Fig. 17(a))

Fig. 19. Simulation results of the step response of the circuit-level imple-
mentation in Fig. 18(a).

The results are shown in Fig. 19 for both the transistor-level

circuit implementation and the block-level system description

shown in Fig. 17(a).

As is clearly evident, the resonance peak of the TM LDI-

based resonator and system-level simulation are very similar;

occurring at the desired frequency of fs/4. In addition, one

sees that the 3-dB bandwidth of either response is quite small.

Detail analysis reveals a Q-factor is seen to be greater than 10.

IV. SECOND-ORDER BP∆ΣTDC CIRCUIT

IMPLEMENTATION AND SIMULATION DETAILS

Fig. 20 shows a closed-loop architecture with feed-forward

compensation of the proposed BP∆ΣTDC. This TDC utilizes

1-Bit 

Quantizer

Time-mode
 LDI-based resonator

_ Digital
)outD(output 

errorTΔ
Z

-1

1+Z
-2+ +

+

+

DTC

_

Z

inTΔ

.res,outTΔ

feedbackTΔ

#1 #2

-1
2

Z

-1
2

Fig. 20. Block diagram of the essential components in the proposed
BP∆ΣTDC.

a TM LDI-based resonator with transfer function z−1

1+z−2 whose

poles are located at ±fs/4. The TM signals at the output of

the resonator is subtracted (subtractor #2) from the input TM

samples and passed through a 1-bit quantizer to obtain the

digital output. The quantized signal is then converted back to

the TM signals by a one-bit DTC and fedback to the first

subtractor (subtractor #1).

The overall design of the prototype second-order

BP∆ΣTDC circuit is shown in Fig. 21. The feed-forward path

of the TDC consists of a modified TM LDI-based resonator

where a second input port of TLatch1 (read ports) is provided

to allow for the subtraction of a feedback TM signal, another

TLatch acting as a second subtractor (TLatch3) and a

quantizer (DFF) clocked at fs. The feedback path consists

of a half-period delay DTC. In addition, control signals are

generated by the Write Signal Producer block shown at the

top of the diagram. This block provides the write signals for

all TLatches in the appropriate time sequence.

In this work, several architecture and circuit techniques are
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Fig. 22. Simulated PSD of the transistor-level circuit of BP∆ΣTDC and
Simulink system-level BP∆Σ modulator.

employed to achieve the desired SNDR with minimum silicon

area and power. Firstly, TLatch1 used as a half-period delay

unit inside the LDI resonator is modified to enable the LDI

resonator to act on the time-difference between the input signal

∆Tin and the feedback TM signal ∆Tfeedback; thus, no extra

TLatch is necessary at the front-end. Secondly, a direct feed-

forward compensation path is incorporated to increase the

SNDR of the modulator. By using this direct feed-forward

path, the TM resonator’s output swing can be reduced, as it

only needs to process the quantization noise error and is free

from the input TM signals [26], [27]. To implement this tech-

nique in the time-domain, TLatch3 is included at the output

of the resonator to subtract the input TM signal, ∆Tin, from

the output of the resonator, ∆Tout,res. This TLatch uses the

same circuit topology as that shown in Fig. 3(a). Intentionally,

∆Tin and ∆Tout,res are connected to the read and input

ports of TLatch3, respectively. Thirdly, to maintain negative

feedback around the loop involving the LDI resonator and the

1-bit quantizer (DFF), signals Φout,sig,FF and Φout,ref,FF are

connected to the CLK and D inputs of the DFF, respectively.

Fourthly, a DTC with a half-period delay is employed in the

feedback path. This block converts the output 1-bit digital

signal from the quantizer to a corresponding time-difference

signal to be fedback to input subtractor. The half period-delay

1
7

4
.4
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DDV
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Fig. 23. (a) Die photograph, (b) TDC core layout.
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Fig. 24. Photograph of the customized board to test the TDC circuit.

is necessary to ensure that a full two-period delay is achieved

around the loop as depicted in Fig. 20.

Fig. 22 shows the simulated power spectral densities (PSD)

of the BP∆ΣTDC and the ideal BP∆Σ modulator. The output

spectrum in Fig. 22 shows the desired second-order noise

shaping at 10.73 MHz IF. The input TM signal is a 1 nspp,

10.73 MHZ sinusoidal tone, and the simulated SNDR, SNR,

and SFDR are 45.4 dB, 45.8 dB, and 49.6 dBc, respectively,

while operating with 1.2 V voltage supply.

V. EXPERIMENTAL RESULTS

The proposed BP∆ΣTDC was fabricated in 130 nm IBM

CMOS technology. Fig. 23 shows the chip micrograph and
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Fig. 26. Experimental time-domain waveforms of the input signals (Φin,ref

and Φin,sig) at sampling frequency 42.8 MHz and output bit-stream (Dout).

layout of the proposed TDC, which occupies the core size

of 0.048 mm2 (275.1 µm × 174.4 µm). The prototype chip

is assembled in a 44-pin CQFP and mounted on a custom

ten-layer PCB as shown in Fig. 24. Apart from the TDC chip

marked with a white box, the test board included some features

such as SMA connections to the input/output signals, non-

inverting clock drivers (IDT ICS621) and a voltage regulator

(Analog Devices ADP1706ARDZ-1.2). Bias voltages were de-

rived from this reference voltage using resistor divider circuits,

together with some 100 nF capacitors to suppressed any AC

power-supply-related ripples. To reduce digital noise coupling

into the power supplies network, the digital voltage supply

lines were intentionally placed some distance away from the

analog power lines. In addition, all power nets were decoupled

with additional 100 nF capacitors. The other components seen

on the PCB seen in Fig. 24 are not related to this TDC test

and are used for other purposes.

A block diagram of the measurement setup used to char-

acterize the prototype BP∆ΣTDC is depicted in Fig. 25. The

input TM signals (Φin,ref and Φin,sig) were synthesized using

an arbitrary waveform generator model Tektronix AWG5014B.

The data loaded into the AWG5014B was created using

Spectre by simulating an ideal VCDU with a conversion gain

of 1 ns/V. The digital input to the VCDU was driven by a

1.2 V amplitude square wave operating at a frequency of

42.8 MHz. The voltage controlled input port was driven by
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Fig. 27. Measured output spectrum of the BP∆ΣTDC with a 10.73 MHz
input signal and 42.8 MHz sampling frequency. Each of the output spectrum
are averaged to reduce the variance of the PSD.

a 1 V amplitude 10.73 MHz sine wave. The output phase-

modulated voltage signal from the VCDU was then sampled

at a rate of 42.8 Ms/s, then loaded into the AWG5014B to

drive the PCB test setup. The digital output bit-stream, Dout,

was captured by a logic analyzer (Tektronix TLA7012) and

processed in MATLAB to extract the relevant parameters.

In addition, digital oscilloscope (Agilent DSA80000B) was

used to monitor the input signals of the TDC to ensure a

stable constant sources (i.e., digital signals with variable time-

differences and duty cycle of 50%). Fig. 26 shows a small

portion of the input TM signals as seen on the scope, operating

at 42.8 MHz frequency, as well as the output bit-stream of

TDC. In the plot, the yellow and green traces are Φin,ref and

Φin,sig , respectively, and the output bit-stream signal Dout

is displayed with a violet trace. As is evident, the input and

output digital signals are operating at the expected data rate

of 42.8 MHz with good rise and fall times.

The measured output PSD pre-processed with a Hanning

window is shown in Fig. 27. The output spectrum shows a 20

dB/dec bandpass noise shaping characteristic corresponding to

the behavior of a second-order BP∆ΣTDC. The TDC achieved

an SNR of 39.9 dB and an SNDR of 39.5 dB over a 0.2 MHz

signal BW, resulting in an effective number of bits (ENOB)

of 6.3 bits. This ENOB value is in good agreement with
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TABLE I
PERFORMANCE SUMMARY OF THE PROPOSED BP∆ΣTDC.

Specification Measurement Simulink

Technology 130-nm IBM CMOS -

Order Second Second

Sampling frequency (fs) 42.8 MHz 42.8 MHz

IF signal frequency (fin) 10.73 MHz 10.73 MHz

Signal bandwidth (fBW ) 0.2 MHz 0.2 MHz

Input range (Trange) 0-3.5 ns -

Peak SNDR 39.5 dB 48.9 dB

Peak SNR 39.9 dB 48.9 dB

SFDR 45.4 dBc 61.5 dBc

ENOB 6.3 bits 7.8 bits

Supply voltage (VDD) 1.2 V 1.2 V

Power consumption 4.9 mW -

BP∆ΣTDC area 0.048 mm2 -

Total chip area 1.0 mm × 1.0 mm -
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Quantizer

)µW 4.8(

DTC

)µW 99.4(

Fig. 28. Power breakdown of the prototype TDC.

7-bit circuit-level simulation prediction that corresponds to

a 42 dB peak-SNDR. Table I shows a comparison between

the measured performance of the prototype BP∆ΣTDC and

system-level design in MATLAB/Simulink. As is evident, the

bandwidth of the measured prototype is the same as that pre-

dicted by simulation (in other words, the pole-zero positioning

is correct). The measured signal-to-noise ratio performance

metrics differ from the Simulink simulations results by about

10 dB. This we attribute to the additional noise sources related

to the IC and PCB implementation which are not modeled in

Simulink.

The TDC consumes a total power of 4.9 mW from the 1.2 V

supply voltage at maximum sampling frequency of 42.8 MHz.

Fig. 28 shows the breakdown in power consumption. The first

two series TLatches (TLatch1,2) consumes 6% of total power

which includes the core of the TLatch and digital circuits to

produce their write signals. TLacth,FB1,2,3 and TLatch3 as

well as their Write Signal Producers consume 11% and 3%,

respectively. The negative time-difference detector consumes

8%, and digital circuits shown in Fig. 18(a) (two multiplexers

and a digital OR gate) and phase detector consume power

less than 1%. Due to complexity of TM phase alignment

in time shifting of ΦPD signal, this circuit consumes 69%

of the total power. While the power consumption on the

VCDU-based DTC and quantizer are only 2% and <1%,
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Fig. 29. MATLAB and Measured SNDR for different sampling frequency
(fin = fs/4) with BW=0.2 MHz.

respectively. It should be noted that the power consumption

of the BP∆ΣTDC can be reduced further using innovative

circuit design solutions now that the circuits proposed in this

work have been validated. This is the subject of future work.

In order to verify the capability of the BP∆ΣTDC over a

wide range of reference clock frequencies, the above setup

was utilized. The measured SNDR value versus the sampling

frequency with a 0.2 MHz bandwidth and fin = fs/4 is

shown in Fig. 29. When the sampling frequency is greater

than 36 MHz, the SNDR is still greater than 37 dB, thanks to

TM phase alignment and synchronization technique. Further

decreasing the sampling frequency degrades the SNDR due to

reduced the OSR.

VI. CONCLUSION

In this paper, we have successfully implemented the very

first prototype of a BP∆ΣTDC with second-order noise shap-

ing with a peak SNDR of 39.5 dB over a 0.2 MHz bandwidth

centered around 10.7 MHz. The key building blocks of the

proposed TDC include a TM LDI-based resonator, an all-

digital DTC, a TM subtractor circuit capable of subtracting

negative time-difference values and an adaptive delay circuit

that can compensate for process variations. The adaptive delay

circuit enabled the sampling frequency to be adjusted from 4

MHz to 42.8 MHz with a notch frequency equal to one-quater

of the sampling clock. The performance of the BP∆ΣTDC was

best at the highest sampling rate of 42.8 MHz. To conclude,

this paper has demonstrate a BP∆ΣTDC which is compact,

efficient, and accurate that can be easily adopted into a new

CMOS technologies under low supply voltage conditions. It is

believed this work can be applied to the design of high-order

BP∆ΣTDC with a MASH structure.
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