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 Background and Objectives: Beside acceptable performance, power 
consumption and chip area are important issues in embedded systems that 
should be taken into consideration. 
Methods: In this paper, a novel continuous-time 1-1 MASH ∆∑ Time-to-digital 
converter (TDC) is presented. Since the proposed design utilizes 12-bit 
quantizer based on Gated Switched-Ring Oscillator (GSRO) for both stages, it 
has been implemented all-digitally. By using a novel structure, only one 
multi-bit counter is employed for both stages, therefore the required 
hardware for implementation of this work is much less than conventional 
TDCs. As a result, complexity, chip area and power consumption would 
decrease considerably. 
Results: We implemented the proposed design prototype on an Altera Stratix 
IV FPGA board. Measured results demonstrate that although this work uses 
less complex architecture in comparison with previous works, it provides 
appropriate performance such as 60.7 dB SNR within 8 MHz signal bandwidth 
at 400 MHz sampling rate while consuming 2.79 mW. 
Conclusion: Experimental results reveals suitability of the proposed TDC to 
be incorporated in fast and accurate applications such as ADPLLs and high-
resolution photoacoustic tomography. Also, by adjusting the proposed novel 
structure with more stages higher order of noise-shaping can be attained to 
enhance SNR and time-resolution further. 
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Introduction 
Time-to-digital converters (TDCs) are basically used to 

measure a time interval which serves an important role 

in many applications such as photoacoustic 

tomography ‎[1], Time-of-Flight (ToF) systems ‎[2], 

frequency synthesizers ‎[3], ‎[4] and all-digital phase-

locked loops (ADPLLs) ‎[5]. So far, various architectures 

have been proposed which had been trying to improve 

performance critical parameters of TDCs such as SNR, 

dynamic range, resolution and bandwidth ‎[6]-‎[13]. Due 

to operating in Nyquist rate, the mentioned parameters 

higher than that of their oversampling counterparts are 

not achievable by those architectures.  

Recently, trends to ∆∑ TDCs have been increased 

owing to their inherent property of noise-shaping. In the 

meantime, Voltage-domain ∆∑ TDCs which are 

commonly implemented using analog circuitries have 

been introduced ‎[14], ‎[15]. But, time-domain ∆∑ TDCs 

comprising of digital components such as multi-bit 

counter and ring oscillator ‎[16], ‎[17] are better choices 

to benefit from CMOS process scaling. However, 

limitation of oversampling ratio (OSR) and noise-shaping 

order prevents these architectures to achieve fine time-

resolution. Even though multi-stage noise-shaping 
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(MASH) TDCs can be formed by cascading identical ring 

oscillator-based TDCs to obtain finer time-resolution, but 

discrepancy in oscillators operating frequency leads to 

systematic error that puts a burden of calibration unit on 

designer to diminish the error ‎[18]. Reference ‎[19] has 

presented a 1-1 MASH TDC based on GSRO that can 

achieve a fine time-resolution while it does not need 

calibration. By increasing the order of noise-shaping, in-

band noise power can be decreased. Therefore, a third-

order MASH ∆∑ TDC by cascading three GSRO-TDCs and 

a fourth-order ∆∑ TDC by increasing the loop order using 

time-domain error-feedback filter have been introduced 

in ‎[20] and ‎[21], respectively. Although High-order ∆∑ 

TDCs can demonstrate higher SNR, but they require 

stringent design considerations, more implementing 

hardware and hence consume more power and chip 

area.  In ‎[22], a multirate second-order ∆∑ GSRO-TDC has 

been proposed. Taking advantage of high-speed FPGA 

board, it utilizes higher operating frequencies for GSROs 

and sampling clocks. In addition, it employs multirating 

technique to improve performance further. As a result, it 

achieves finer time-resolution and higher SNR. Yet, it can 

be modified to attain a less complex structure in order to 

reduce power consumption and chip area. With the 

advent of high-performance FPGA chips and scaling of 

CMOS technology, fast and accurate FPGA-based and 

application specific integrated circuit (ASIC) TDCs have 

been introduced ‎[23]-‎[27]. However, advantages of 

FPGAs attract some of all-digital TDC designers. On the 

one hand ASIC implementation takes advantage of 

design optimization, but on the other hand the main 

benefit of FPGA implementation is flexibility which 

allows designer to provide a programmable design that 

can be tailored for a vast range of applications.  

In this paper, a novel FPGA-based 1-1 MASH ΔΣ GSRO-

TDC is presented. Also, operation principle and FPGA 

implementation are described in detail. Although this 

work reveals lower complexity rather state-of-the-art 

TDCs by employing only one multi-bit counter for both 

stages, it can achieve acceptable SNR and bandwidth 

while providing fine time-resolution and superior 

dynamic range and Figure-of-Merit (FoM).  

This paper is organized as follows. A background of 

MASH ∆∑ GSRO-TDCs is presented in Section 2. The 

operation principle and implementation details of the 

proposed all-digital second-order ∆∑ TDC are described 

in Section 3 and Section 4, respectively. The measured 

results of the prototype TDC are discussed in section 5. 

Finally, conclusions are drawn in Section 6. 

MASH ∆∑ GSRO-TDC 

Inherent property of noise-shaping is the main reason 

for popularity of ∆∑ TDCs. In addition, by utilizing higher 

noise-shaping order the noise power in band of interest 

can be lowered [28]. Thus, higher noise-shaping order is 

of interest. By adding more stages or incrementing loop 

order, the order of noise-shaping can be increased but 

both manners result in more complexity, power 

consumption and chip area. Therefore, in designing ∆∑ 

TDCs a trade-off between performance and complexity is 

inevitable. Hence, to achieve acceptable performance, 

first, the proper order of noise-shaping must be chosen 

carefully, then improvement of critical specifications of 

TDC must be maximized. To develop the idea of the 

proposed structure, this section provides the theoretical 

background of ∆∑ GSRO-TDCs. We use ‎[19] as our 

benchmark to describe this theoretical background. 

As noted previously, phase-domain quantization error 

leakage caused by frequency difference between two 

SROs degrades performance of a 1-1 MASH SRO-SRO 

TDC so that it cannot achieve second-order noise 

shaping properly. This problem can be solved by 

exploiting a SRO with phase-holding gates added to its 

supply and ground (SG) that is called GSRO. Keeping 

phase properly in GSRO suppresses leakage perfectly. 

Fig. 1 depicts the operation principle of a GSRO. As can 

be seen, GSRO acts as a Switched-Ring Oscillator (SRO) 

when the gates are closed and holds its phase when the 

gates are open. Generally, GSRO has three operating 

frequencies: fmax, fmin and 0. The block diagram of the 1-1 

MASH GSRO-TDC introduced in ‎[19] where two identical 

GSROs are exploited in the first and second stages, and 

also the detailed operation principle of that are shown in 

Fig. 2 and Fig. 3, respectively. The time interval between 

Start and Stop pulses (IN) is applied to the TDC using an 

on-chip pulse generator (PulseGen). GSRO1 is configured 

as an SRO by closing its SG gates. For controlling the SG 

gates of the GSRO2 and synchronization between 

GSROs, QEGen produces the pulses of first stage 

quantization error (Q1) and frequency synchronization 

(QIN) each cycle using IN, CLK, and output of the GSRO1 

(Y1).  

As shown in Fig. 3, benefiting from this approach 

oscillation frequency of GSRO1 and GSRO2 are the same 

during sampling period. By comparing output 

relationships of SRO-TDC and TDC using GSRO, we clarify 

superiority of GSRO-TDC in quantization error leakage 

elimination. The z-domain SRO-TDC output is given by: 

2       
 1   (1   

 1)                                                    1  

   1        1   
 1 

2
    

  1    1  1  
     
   

                                                          2  

where the first stage quantization error in phase-domain 

and the second stage phase change are expressed as:  

    2 ∫        

   

                                                               3  
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      2 ∫        

  

.                                                      4  

Nonetheless, when we exploit GSRO2 in the second 

stage, the GSRO2 phase change ( GSRO2) can be given by: 

       n  2 ∫         

  

 

 2 ∫         

    n 

    [n].                                            5  

From (5), it can be said that equality of (3) and (4) 

caused by using a GSRO in the second stage results in 

leakage suppression effectively. Hence, GSRO-TDC can 

achieve second-order noise shaping properly without 

gain calibration in contrast to SRO-SRO TDC [19].  

 
(a) 

 

(b) 
Fig. 1: (a) Block diagram of a GSRO and (b) waveforms ‎[22]. 

 

 
Fig. 2: 1-1 MASH ∆∑ GSRO-TDC architecture ‎[19]. 

 

 
 

Fig. 3: Detailed operation principle of the 1-1 MASH GSRO-

TDC ‎[22]. 

 

It is worth noting that as a residue pulse is required 

every cycle to accomplish second-order noise-shaping, 

designer must set frequency of the GSRO higher than 

sampling frequency (fS) to guarantee existing minimum 

of one rising edge withing a period of sampling. So, we 

can say that operating frequency of GSRO puts a 

limitation on OSR in GSRO-TDC.  

In this work, fmin and fmax of GSROs are set at 2 GHz 

and 4 GHz, respectively which indicates 2 and 1.6 times 

increase rather their counterpart in ‎[19]. As a result, we 

can set fS up to 2 GHz in this work that allows higher 

OSRs and achieving time-resolution below 0.5 ps. 

Moreover, by designing a novel structure, we propose a 

new 1-1 MASH ∆∑ TDC in which only one multi-bit 

counter is employed for quantizing the output of both 

stages simultaneously that leads to reduction of 

implementing hardware of a second-order ∆∑ GSRO-TDC 

and subsequently its power consumption. 

Proposed Novel Structure 

As described in previous section, SRO−GSRO 

architecture can mitigate leakage significantly. 

Nevertheless, the main remaining problem is large 

amount of implementing hardware which causes more 

complexity and power consumption. In this work, we 

propose a novel structure to overcome this problem.  

The block diagram of the proposed design is shown in 

Fig. 4. As shown, the main idea is exploiting only one 

multi-bit counter for both stages rather than one multi-

bit counter for each stage.  Therefore, by using a few 

digital logic gates the required hardware for 

implementing the second-order ∆∑ TDC decreases 

remarkably. So, it should be noted that, this work 

focuses on reducing complexity of SRO−GSRO second-

order ∆∑ TDC by optimizing architecture design using a 

novel structure described in this section. 

As shown in Fig. 4, in order to employ only one multi-

bit counter for both stages their output (Y1 and Y2) are 

merged and fed to the only multi-bit counter used in the 

proposed TDC. We use a simple XOR gate to merge the 

pulses of Y1 and Y2. According to XOR truth table, the 

output is HIGH (i.e. logical 1) when inputs are different 

from each other. So, when one of Y1 and Y2 are 1 and 

another is 0, the XOR output (YM) is 1. Therefore, we can 

see in Fig. 5 that the rising edges number of YM is equal 

to sum of the rising edges number of Y1 and Y2. The only 

error is made when the rising edges of both pulses occur 

simultaneously. To avoid the mentioned error, as 

depicted in Fig. 6, pulses of Y2 are delayed, so that the 

rising edges of Y2 occur at falling edges of Y1. Hence, it 

would be guaranteed to avoid any coincidence of Y1 and 

Y2 rising edges. As mentioned above, YM are fed to multi-

bit counter and it counts the number of rising edges. To 

extract the count number of Y1 (CNT1) and Y2 (CNT2) from 

the aggregate counted number (CNTA), we have 

proposed a novel solution described as follows.  
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Fig. 4: Block diagram of the proposed 1-1 MASH TDC. 

 

Since fmax and fmin of GSROs are specified, the number 

of rising edges belong to them are determined as well. 

Thus, we can use below algorithm to distinguish the 

number of CNT1 and CNT2. 

If CNTA > CNTmax then 

CNT2 = CNTA − CN max  

Elseif CNTA < CNTmax && CNTA > 2 CNTmin then 

CNT2 = CNTA – CNTmin  

CNT1 = CNTA – CNT2  

 

where CNTmax and CNTmin are the number of rising edges 

of Y1 when GSRO operates at fmax and fmin, respectively. 

The above algorithm is accommodated in distinction 

block (Fig. 4) to distinguish the number of CNT1 and CNT2 

from CNTA. According to the algorithm, it can be inferred 

that distinction block consists of a simple comparator 

and subtractor while a 12-bit quantizer which is saved in 

this work comprises of a 12-bit counter, two registers 

and a subtractor. It is clear that the latter consumes 

much more power compared with the first. The only 

condition that must be held so that we can incorporate 

the above algorithm is CNT2 < CNTmin. As described in 

section 2, since SG gates of GSRO1 are always closed and 

it acts as a SRO, it operates even in LOW (i.e. logical 0) 

state of input signal (IN) while GSRO2 is enable only 

when QEN comes. As can be seen in Fig. 3, before CNT2 

can exceed CNTmin, QEN disappears and GSRO2 is 

disabled. Hence, the mentioned condition is always held.  

 

 
Fig. 5: Merging Y1 and Y2 using XOR gate. 

 

A related point to consider is that as this work utilizes 

a modified structure, CNT1 and CNT2 are fed to digital 

cancellation filter (DCF) rather than D1 and D2 in [17] to 

obtain digital output of TDC (DOUT). But, distinction block 

produces CNT1 and CNT2 so that they can be considered 

as counterparts of D1 and D2 in ‎[17]. Thus, similar to 

conventional ∆∑ TDCs, signal transfer function  STF  of 

the second stage (z
-1

) and NTF of the first stage (1 – z
-1

) 

filter CNT1 and CNT2, respectively in DCF. Eventually, DOUT 

is attained by subtraction of CNT2 from CNT1 that can be 

written as: 

       z
 1CN   (1  z 1)CN   

 
1

2 
    (z)  z(1  z 1)2       z                              6  

It is obvious from  6  that the proposed ∆∑ TDC 

achieves second-order noise-shaping as expected. Also, 

another positive aspect of this work is taking advantage 

of all-digital designing and implementing on high-

performance Altera Stratix IV FPGA board which allow us 

on-chip implementation of DCF incorporating built-in 

logic and arithmetic units of FPGA board. 

 

 
(a) 

 
(b) 

Fig. 6: Delaying rising edge of Y2 to prevent error, (a) schematic 
of delay generator unit, (b) timing diagram. 

 

In order to verify operation of the proposed TDC the 

timing diagram of that in several conditions is shown in 

Fig. 7. First, at 100 MHz fc and 200 MHz fS, input pulses 

with 1 ns and 4 ns time intervals are applied to the 

proposed TDC (Figs. 7(a) and (b)).  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7: Timing diagram of the proposed 1-1 MASH TDC. (a) fS = 
200 MHz with TIN = 1 ns, (b) fS = 200 MHz with TIN = 4 ns, (c) fS = 

400 MHz with TIN = 1 ns, (d) fS = 400 MHz with TIN = 2 ns. 
 

As can be seen, QEN and QIN are generated every cycle 

to enable GSRO2 and synchronize its operating 

frequency with GSRO1. So, it can be surmised that any 

phase-domain quantization error leakage caused by 

frequency difference between GSROs can be removed 

efficiently by this approach that results in achieving 

second-order noise-shaping perfectly. Another case with 

200 MHz fc and 400 MHz fS has been provided to assert 

high-frequency operation of the proposed design. Figs. 

7(c) and (d) illustrate the timing diagram of this case for 

1 ns and 2 ns input intervals. It is evident from Fig. 7 that 

the proposed TDC is proved to be a reliable 1-1   MASH 

∆∑ TDC that can operate accurately in precise 

applications such as frequency synthesizers, ADPLLs and 

range finders. Also, as this work benefits from high-

performance Altera Stratix IV FPGA board, it utilizes 

operating frequencies for GSROs higher than their 

counterpart in state-of-the-art ∆∑ GSRO-TDCs that 

allows us to take advantage of higher OSR to gain finer 

time-resolution. Moreover, unlike other works no 

external source is needed to provide fS for TDC operation 

since built-in clock circuitries of Altera Stratix IV FPGA 

board provide it properly. Thus, we can claim that the 

proposed design not only reduces the implementing 

hardware benefiting from a novel structure, but also 

facilitates measurements by removing the need of 

applying fS to TDC using discrete sources. 

Implementation Details 

A.  Sampling Clock and GSRO 

Implementing the proposed design on an efficient 

FPGA board is a remarkable advantage of this work that 

allows utilizing built-in oscillator and PLLs of FPGA board 

to establish required clocks for TDC operation. Hence, 

we incorporate built-in 100 MHz crystal oscillator and 

PLLs of the FPGA board to extract different clocks 

(fS1=200 MHz, fS2=400 MHz, fmin and fmax). The method of 

generating different clocks in the proposed TDC is shown 

in Fig. 8(a) intuitively. As illustrated, fS1, fS2, fmin and fmax, 

are obtained by multiplying 100 MHz input clock by 2, 4, 

20 and 40, respectively. Also, to emulate GSROs we have 

designed a control unit using simple logic gates (Fig. 8(b)) 

such that if QEN is 0, for each state of QIN Y is 0. When QEN 

is 1 but QIN is 0 output is fmin. If both QEN and QIN are 1 the 

unit passes fmax to the output. 

B.  Inter-Stage Synchronizer (IntS Sync) 

Accurate operation of 1-1 MASH ∆∑ GSRO-TDC 

demands a unit to synchronize operating frequency of 

two GSROs to prevent leakage. For this purpose, IntS 

Sync (Fig. 4) is exploited in the proposed TDC to produce 

QEN and QIN every cycle which performs synchronization 

as appropriated. Figs. 9(a) and (b) show the block 

diagram and timing diagram of this unit. As shown, this 

unit consists of an edge-sensitive pulse generator (ESPG), 

two DFFs and two AND gates. Fig. 9(c) depicts the 

schematic of ESPG. This block is used to produce a pulse 

with the width of interval between rising edges of Start 
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and Stop pulses. The resulted QEN is fed to GSRO2 to 

enable it. It should be mentioned that if this pulse is 

narrower than rising time of the ESPG it would be 

ignored. Therefore, as switching time of GSRO gates is 

limited, a narrow QEN leads to deadzone problem which 

declines the performance of the proposed TDC. 

However, the remedy of this problem is adding a static 

offset of  π to QEN using DFF2. DCF removes this offset 

to prevent degradation of proficiency of the proposed 1-

1 MASH ∆∑ TDC ‎[19]. 

 

 
(a) 

 

 
(b) 

 
Fig. 8: (a) Utilizing built-in 100 MHz Oscillator in the proposed 
TDC to generate required clocks, (b) control unit for emulating 

GSRO. 

  

C.  The 12-bit Quantizer 

As mentioned in section 2, on the one hand setting fS 

lower than fmin guarantees a residue pulse to be occurred 

each cycle, but on the other hand being fmin greater than 

fS may lead to occurring a number of rising edges during 

a sampling period which demands employing a multi-bit 

quantizer rather than a one-bit quantizer. In this way, we 

exploit built-in counters and logic components of the 

FPGA board to build a 12-bit quantizer to quantize Y1 and 

Y2 every cycle. It is noteworthy that quantization using 

such number of bits results in a finer time-resolution in 

comparison with previous works, although this work 

employs less hardware taking advantage of a novel 

structure. However, coinciding the reset time of counter 

with rising edge of fS is an error that must be avoided 

during operation of 12-bit quantizer ‎[29]. Nevertheless, 

this error can be avoided by employing the delaying unit 

shown in Fig. 6(a) again to postpone rising edge of fS 

after complete transition of counter output (CNTout). 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 9: Inter-stage synchronizer (IntS Sync), (a) block diagram, 
(b) timing diagram, (c) edge sensitive pulse generator (ESPG) 

implementation. 

  
Results and Discussion 

We implemented the prototype TDC on an Altera 

Stratix IV FPGA development board. Input pulses (TIN) are 

applied to general purpose I/O (GPIO) port of FPGA 

board and digital output (DOUT) is obtained from the 

same port. Regarding the I/O standard of Altera Stratix 

IV FPGA board, 3 V 1 MHz input pulses provided by a 

function generator (Siglent SDG 1050) are applied to the 

proposed TDC to attain the output spectrum. Then, a 

mixed-domain oscilloscope (Tektronix MDO 4104) with a 

Hann window captures 100-k samples. Finally, MATLAB 

is used for post-processing of samples. Fig. 10 illustrates 

the measurement setup for the prototype TDC. To 

demonstrate achieving second-order noise-shaping 
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dynamic test was induced to the proposed design and 

measured output spectrum at 100 MHz fC and 200 MHz 

fS is shown in Fig. 11(a). As can be seen, In spite of the 

fact that the proposed design employs only one counter 

for both stages, it achieves second-order noise-shaping 

appropriately and yields 57.5 dB SNR within 8 MHz 

bandwidth in this case. After the assurance of obtaining 

second-order noise-shaping we increase sampling clock 

to improve SNR. 

 

 

 
Fig. 10: The measurement setup for the prototype of the 

proposed TDC. 
 

Fig. 11(b) shows the output spectrum of the proposed 

TDC at 100 MHz fC and 400 MHz fS. As expected, by 2 dB 

enhancement compared with previous case the 

measured SNR within 8 MHz bandwidth was 59.5 dB. 

Moreover, multiplication of fC results in SNR 

enhancement even for the same OSR [19]. Thus, to 

investigate the effect of increasing fC we examined the 

prototype of the proposed TDC at 200 MHz fC and 400 

MHz fS. The measured output spectrum in this condition 

is shown in Fig. 11(c) which reveals 60.7 dB SNR (a gain 

of 1.2 dB) that translates to 9.79 effective number of bits 

(ENOB) and 0.28 ps time-resolution. From Fig. 11(b) and 

(c), it is clear that increasing fC leads to SNR 

improvement even if OSR remains unchanged.  

 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 11: Measured output spectrum of the second-order 
proposed TDC, (a) fS = 200 MHz and fC = 100 MHz, (b) fS = 400 

MHz and fC = 100, (c) fS = 400 MHz and fC = 200. 
 

The core of Altera Stratix IV FPGA board consumes 

2.21 mW at 100 MHz fC and 200 MHz fS. Increasing the 

sampling frequency enhances time-resolution, SNR and 

FoM at the price of consuming 0.58 mW more power 

(2.79 mW core power consumption at 200 MHz fC and 

400 MHz fS) owing to more switching of GSROs. Also, 

increasing fC causes an excessive power consumption 

due to more ON time of GSROs. 
 

Table 1: Performance summary and comparison with other 
state-of-the art ∆∑ TDCs 
 
 ‎[26] ‎[25] ‎[24] ‎[19] ‎[22] This work 

Process 

(nm) 
40 40 40 65 

40 

FPGA 

40 

FPGA 

Shaping 

order 
4 3 3 2 2 2 

fBW (MHz) 50.3 156 50.5 4 9.6 8 

Trange (ns) N/A N/A N/A 4 4.5 4.5 

fS (MHz) 1000 5000 3000 400 

400 

- 

1600 

200 400 

DR (dB) 76.8 70 68.2 79.6 86.2 84.4 85.6 

Tint,rms 

(fs,rms)
1 N/A N/A N/A 148 78 95.5 83 

SNR (dB) 75.8 66.6 68 N/A 61.02 57.5 60.7 

Resolution 

(ps)
2 N/A N/A N/A 0.51 0.27 0.33

 
2.08 

Power 

(mW) 
43 233 19 6.72 7.843 2.213 2.793 

FoM (dB)4 167 158 162 167 177 179 180 

1 Estimated integrated noise (√              ). 

2 Estimated resolution (√        
    ).  

3 FPGA core power consumption. 
4 FoM = DR + 10 log10 (Bandwidth / Power) [dB], where  
DR = 20 log10 (Trange,rms /Tint,rms). 
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The performance summary of the proposed 1-1 

MASH TDC and a comparison with the state-of-the-art 

∆∑ TDCs has been presented in Table 1. Despite the fact 

that all previous continuous-time ∆∑ TDCs utilize one 

counter for each stage, the proposed novel structure 

exploits only one multi-bit counter for both stages and 

subsequently consists of less hardware. However, the 

proposed TDC incorporating less hardware not only does 

not show a degraded performance, but also it yields 

appropriate second-order noise-shaping with acceptable 

SNR and bandwidth while revealing least power 

consumption in the table by a dramatic difference in 

comparison with other works. Moreover, according to 

the Table 1 there are two points that should be 

considered. First, although the proposed design provides 

SNR less than higher order TDCs in ‎[24]–‎[26]and close to 

the same order TDC in ‎[22], but taking advantage of 

optimum all-digital designing and implementation on a 

high-performance FPGA board it represents superior 

power consumption and FoM over them. Second, this 

low amount of difference in SNR of this work and the 

state-of-the-art ∆∑ TDCs is promising that by modifying 

the proposed novel structure and adjusting it with more 

stages we can expect a high-order ∆∑ TDC that shows 

higher SNR, dynamic range and fine time-resolution 

without consuming a considerable power.  

Conclusion 

A ∆∑ GSRO-TDC with second-order noise-shaping has 

been introduced in this paper. We have proposed a 

novel structure to decrease implementing hardware and 

hence chip area and power consumption. In the 

proposed structure we employ only one multi-bit 

counter for both stages. Implementation of the 

proposed TDC prototype is performed on an Altera 

Stratix VI FPGA board and proved to be suitable for 

different applications such as ToF systems and ADPLLs. 

Although the main concentration of this work is on 

design optimization of a ∆∑ TDC to show less complexity, 

the measured results demonstrate that this work 

provides acceptable performance, say 60.7 dB SNR 

within 8MHz bandwidth at 400 MHz sampling frequency 

and 180 dB FoM while consuming 2.79 mW. Finally, it 

should be noted that by adjusting the proposed novel 

structure with more stages higher order of noise-shaping 

can be attained to enhance SNR and time-resolution 

further.  
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Abbreviations  

TDC Time to digital converter 
SRO Switched-ring oscillator 
GSRO Gated swithched-ring oscillator 
FPGA Field programmable gated array 
ToF Time-of-Flight 
ADPLL  All digital phased-locked loop  
SNR Signal-to-Noise ratio 
FoM Figure of Merit 
ESPG Edge-sensitive pulse generator 
QEgen Quantization error pulse generator 
ASIC Application specific integrated circuits  
SG Source and ground  
PulseGen Pulse generator 
MASH Multi-stage noise-shaping 
OSR Oversampling ratio 
ENOB Effective number of bits 
DR Dynamic range 
CLK  Clock 
fC Input pulse frequency 
fS Sampling clock frequency 
fmax Maximum frequency of GSRO 
fmin Minimum frequency of GSRO 
QIN Frequency sync pulse 
QEN Enable pulse of GSRO2 
Y1  Output pulse of GSRO1 
Y2 Output pulse of GSRO2 
DOUT   Digital output code 
YM 
   

Merged pulses of Y1 and Y2 

DLY2 Delayed Y2 
DCF Digital cancellation filter 
CNT1 

  
Counted number of rising edges of 
the first stage 

CNT2 Counted number of rising edges of 
the second stage 

CNTA Aggregate counted number  
CNTmax Number of rising edges of Y1 when 

GSRO operates at fmax  
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CNTmin number of rising edges of Y1 when 
GSRO operates at fmin 

D1  Digital output of the first stage 
D2 Digital output of the second stage 
IntS Sync Inter-stage synchronizer 
GPIO General purpose input/output 
  

References 

[1] M. R. Nasiriavanaki et al., “High-resolution photoacoustic 
tomography of resting-state functional connectivity in the mouse 
brain,” PNAS, 111(1): 21–26, 2014. 

[2] V. Nguyen, D. Duong, Y. Chung, J.W. Lee, “A Cyclic Vernier Two-
Step TDC for High Input Range Time-of-Flight Sensor Using 
Startup Time Correction Technique,” Sensors, 18(11): 3948,  
2018. 

[3] A. Hussein, S. Vasadi, J. Paramesh, “A 50–66-GHz Phase-Domain 
Digital Frequency Synthesizer with Low Phase Noise and Low 
Fractional Spurs,” IEEE J. Solid State Circuits, 52(12): 3329–3347, 
2017.  

[4] S. Mahdavi, “A 12 bit 76MS/s SAR ADC with a Capacitor Merged 
Technique in 0.18µm CMOS Technology,” J. Elec. Comput. Eng. 
Innov., 5(2): 121-130, 2017. 

[5] N. Yan, L. Ma, Y. Xu, S. Chen, X. Liu, J. Xiang, H. Min, “A Low 
Power All-Digital PLL With -40dBc In-Band Fractional Spur 
Suppression for NB-IoT Applications,” IEEE Access, 7): 7897-7904, 
2018. 

[6] P. Lu, Y. Wu, P. Andreani, “A 2.2-ps Two-Dimensional Gated-
Vernier Time-to-Digital Converter with Digital Calibration,” IEEE 
Trans. Circuits Syst. II Express Briefs, 63(11): 1019–1023, 2016. 

[7] W. Yu et al., “A time-domain high-order MASH ADC using voltage-
controlled gated-ring oscillator,” IEEE Trans. Circuits Syst. I, Reg. 
Papers, 60, No.4): 856–866, 2013. 

[8] J. S. Kim et al., “A 300-MS/s, 1.76-ps-resolution, 10-b 
asynchronous pipelined time-to-digital converter with on-chip 
digital background calibration in 0.13-m CMOS,” IEEE J. Solid-
State Circuits, 48(2): 516–526, 2013. 

[9] K.S. Kim et al., “A 7 bit, 3.75 ps resolution two-step time-to-digital 
converter in 65 nm CMOS using pulse-train time amplifier,” IEEE J. 
Solid-State Circuits, 48(4): 1009-1017, 2013. 

[10]  K.S. Kim et al., “A 9 b, 1.12 ps resolution 2.5 b/stage pipelined 
time-to-digital converter in 65 nm CMOS using time-register,” 
IEEE J. Solid-State Circuits, 49, No.4): 1007–1016, 2014. 

[11]  Y. H. Seo et al., “A 1.25 ps resolution 8 b cyclic TDC in 0.13 
CMOS,” IEEE J. Solid-State Circuits, 47(3): 736–743, 2012.  

[12]  H. Chung et al., “A 10-Bit 80-MS/s decision-select successive 
approximation TDC in 65 nm CMOS,” IEEE J. Solid-State Circuits, 
47(5): 1232–1241, 2012. 

[13]  S. Samadigorji, B. Zakeri, M. R. Zahabi, “A-New-Closed-form-
Mathematical-Approach-to-Achieve Minimum Phase Noise in 
Frequency Synthesizers,” J. Elec. Comput. Eng. Innov., 2(1): 7-13, 
2014. 

[14]  M. Gande et al., “A 71 dB dynamic range third-order TDC using 
charge-pump,” in Proc. IEEE Symp. on VLSI Circuits  VLSIC , 
Honolulu, HI, USA, 2012. 

[15]  B. Young et al., “A 2.4 ps resolution 2.1 mW second-order 
noiseshaped time-to-digital converter with 3.2 ns range in 1 MHz 
bandwidth,” in Proc. IEEE custom integrated circuits conference 
(CICC), San Jose, CA, USA, 2010. 

[16]  M. Z. Straayer et al., “A multi-path gated ring oscillator TDC with 
first-order noise shaping,” IEEE J. Solid-State Circuits, 44(4): 1089–

1098, 2009. 

[17]  A. Elshazly et al., “A 13 b 315 fsrms 2 mW 500 MS/s 1 MHz 
bandwidth highly digital time-to-digital converter using switched 
ring oscillators,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig. 
Tech. Papers, San Francisco, CA, USA, 2012. 

[18]  T. Konishi et al., “A 61-dB SNDR 700 second-order all-digital TDC 
with low-jitter frequency shift oscillator and dynamic flipflops,” in 
Proc. IEEE Symp. on VLSI Circuits (VLSIC) Dig. Tech. Papers, 
Honolulu, HI, USA, 2012. 

[19]  W. Yu, K. S. Kim, S. H. Cho, “A 148 fsrms integrated noise 4 MHz 
bandwidth second-order ∆∑ time-to-digital converter with gated 
switched-ring oscillator,” IEEE Trans. Circuits Syst. I, Reg. Papers, 
61(8): 2281–2289, 2014.  

[20]  W. Yu, J. W. Kim, K. S. Kim, S. H. Cho, “A Time-domain High-order 
MASH ∆∑ ADC using Voltage-Controlled Gated-Ring Oscillator,” 
IEEE Trans. Circuits Syst. I, Reg. Papers, 60(4): 856–866, 2013. 

[21]  W. Yu, K. S. Kim, S. H. Cho, “A 0.22 psrms Integrated Noise 15 
MHz Bandwidth Fourth-Order ΔΣ Time-to-Digital Converter Using 
Time-Domain Error-Feedback Filter,” IEEE Journal of solid-state 
circuits, 50(5): 1251–1262, 2015. 

[22] A. Mouri Zadeh Khaki, E. Farshidi, S. H. MD Ali, M. Othman, “An 
FPGA-Based 16-Bit Continuous-Time 1-1 MASH ∆∑ TDC Employing 
Multirating Technique,” Electronics MDPI, 8(11): 1285, 2019.  

[23]  S.T. Chandrasekaran, A. Jayaraj, M. Danesh, A. Sanyal, “A Highly 
Digital Second-Order Oversampling TDC,” IEEE Solid State Circuits 
Letters, 1(5): 114–117, 2018. 

[24]  Q. Liu, A. Edward, D. Zhou, J. Silva-Martinez, “A Continuous-Time 
MASH 1-1-1 Delta–Sigma Modulator with FIR DAC and Encoder-
Embedded Loop-Unrolling Quantizer in 40-nm CMOS,” IEEE Trans. 
Very Large Scale Integr. (VLSI) Syst., 26(4): 756–767, 2018. 

[25]  M.B. Dayanik, D. Weyer, M.P. Flynn, “A 5GS/s 156MHz BW 70dB 
DR continuous-time sigma-delta modulator with time-interleaved 
reference data-weighted averaging,” In Proc. Symposium on VLSI 
Circuits (VLSIC), Kyoto, Japan, 2017. 

[26]  A. Edward, Q. Liu, C. Briseno-Vidrios, M. Kinyua, E.G. Soenen, A.I. 
Karşılayan, J. Silva-Martinez, “A 43-mW MASH 2-2 CT PD 
Modulator Attaining 74.4/75.8/76.8 dB of SNDR/SNR/DR and 50 
MHz of BW in 40-nm CMOS,” IEEE J. Solid State Circuits, 52(2): 
448–459, 2017. 

[27]  H. Li, L. Breyne, J. Van Kerrebrouck, M. Verplaetse, C.Y. Wu, P. 
Demeester, G. Torfs, “A 21-GS/s Single-Bit Second-Order Delta–
Sigma Modulator for FPGAs,” IEEE Trans. Circuits Syst. II Express 
Briefs, 66(3): 482–486, 2019. 

[28]  M. Z. Straayer, “Noise shaping techniques for analog and time to 
digital converters using voltage controlled oscillators,” Ph.D. 
dissertation, MIT, Cambridge, 2008. 

[29]  J. Kim et al., “Analysis and design of voltage-controlled oscillator 
based analog-to-digital converter,” IEEE Trans. Circuits Syst. I, 
Reg. Papers, 57(1): 18–30, 2010. 

Biographies 

Ahmad Mouri Zadeh Khaki was born in 
1989, Ahwaz, Iran. He received B.Sc. and 
M.Sc. from the Islamic Azad University (IAU) 
of Iran in 2011 and 2013, respectively. He is 
currently Ph.D. candidate of electronic 
engineering at IAU. Since 2014 he has been 
teaching at IAU. From 2018 he has been 
working as senior researcher in the 
Windmax® knowledge-based company. His 

favorite fields of research are analog and digital integrated circuits, 
optical and RF communication, energy harvesting systems and FPGAs. 
Currently, he is working on ∆∑ Time to digital converters and 
renewable energy systems. 
 

https://pubmed.ncbi.nlm.nih.gov/24367107/
https://pubmed.ncbi.nlm.nih.gov/24367107/
https://pubmed.ncbi.nlm.nih.gov/24367107/
https://pubmed.ncbi.nlm.nih.gov/30445679/
https://pubmed.ncbi.nlm.nih.gov/30445679/
https://pubmed.ncbi.nlm.nih.gov/30445679/
https://pubmed.ncbi.nlm.nih.gov/30445679/
https://ieeexplore.ieee.org/document/8052209
https://ieeexplore.ieee.org/document/8052209
https://ieeexplore.ieee.org/document/8052209
https://ieeexplore.ieee.org/document/8052209
http://jecei.sru.ac.ir/article_693.html
http://jecei.sru.ac.ir/article_693.html
http://jecei.sru.ac.ir/article_693.html
https://ieeexplore.ieee.org/document/8594601
https://ieeexplore.ieee.org/document/8594601
https://ieeexplore.ieee.org/document/8594601
https://ieeexplore.ieee.org/document/8594601
https://ieeexplore.ieee.org/document/7442784
https://ieeexplore.ieee.org/document/7442784
https://ieeexplore.ieee.org/document/7442784
https://ieeexplore.ieee.org/document/6266713
https://ieeexplore.ieee.org/document/6266713
https://ieeexplore.ieee.org/document/6266713
https://ieeexplore.ieee.org/document/6335441
https://ieeexplore.ieee.org/document/6335441
https://ieeexplore.ieee.org/document/6335441
https://ieeexplore.ieee.org/document/6335441
https://ieeexplore.ieee.org/document/6243855
https://ieeexplore.ieee.org/document/6243855
https://ieeexplore.ieee.org/document/6243855
https://ieeexplore.ieee.org/document/6712925
https://ieeexplore.ieee.org/document/6712925
https://ieeexplore.ieee.org/document/6712925
https://ieeexplore.ieee.org/document/6095638
https://ieeexplore.ieee.org/document/6095638
https://ieeexplore.ieee.org/document/6151852
https://ieeexplore.ieee.org/document/6151852
https://ieeexplore.ieee.org/document/6151852
http://jecei.sru.ac.ir/article_37_0.html
http://jecei.sru.ac.ir/article_37_0.html
http://jecei.sru.ac.ir/article_37_0.html
http://jecei.sru.ac.ir/article_37_0.html
https://ieeexplore.ieee.org/document/6243843
https://ieeexplore.ieee.org/document/6243843
https://ieeexplore.ieee.org/document/6243843
https://ieeexplore.ieee.org/document/5617612
https://ieeexplore.ieee.org/document/5617612
https://ieeexplore.ieee.org/document/5617612
https://ieeexplore.ieee.org/document/5617612
https://ieeexplore.ieee.org/document/4804998
https://ieeexplore.ieee.org/document/4804998
https://ieeexplore.ieee.org/document/4804998
https://ieeexplore.ieee.org/document/6177092
https://ieeexplore.ieee.org/document/6177092
https://ieeexplore.ieee.org/document/6177092
https://ieeexplore.ieee.org/document/6177092
https://ieeexplore.ieee.org/document/6243854
https://ieeexplore.ieee.org/document/6243854
https://ieeexplore.ieee.org/document/6243854
https://ieeexplore.ieee.org/document/6243854
https://ieeexplore.ieee.org/document/6813667/
https://ieeexplore.ieee.org/document/6813667/
https://ieeexplore.ieee.org/document/6813667/
https://ieeexplore.ieee.org/document/6813667/
https://ieeexplore.ieee.org/document/6266713
https://ieeexplore.ieee.org/document/6266713
https://ieeexplore.ieee.org/document/6266713
https://ieeexplore.ieee.org/document/7045620
https://ieeexplore.ieee.org/document/7045620
https://ieeexplore.ieee.org/document/7045620
https://ieeexplore.ieee.org/document/7045620
https://www.mdpi.com/2079-9292/8/11/1285/htm
https://www.mdpi.com/2079-9292/8/11/1285/htm
https://www.mdpi.com/2079-9292/8/11/1285/htm
https://ieeexplore.ieee.org/document/8490720
https://ieeexplore.ieee.org/document/8490720
https://ieeexplore.ieee.org/document/8490720
https://ieeexplore.ieee.org/document/8241442
https://ieeexplore.ieee.org/document/8241442
https://ieeexplore.ieee.org/document/8241442
https://ieeexplore.ieee.org/document/8241442
https://ieeexplore.ieee.org/document/8008539
https://ieeexplore.ieee.org/document/8008539
https://ieeexplore.ieee.org/document/8008539
https://ieeexplore.ieee.org/document/8008539
https://ieeexplore.ieee.org/document/7737001
https://ieeexplore.ieee.org/document/7737001
https://ieeexplore.ieee.org/document/7737001
https://ieeexplore.ieee.org/document/7737001
https://ieeexplore.ieee.org/document/7737001
https://ieeexplore.ieee.org/document/8421247
https://ieeexplore.ieee.org/document/8421247
https://ieeexplore.ieee.org/document/8421247
https://ieeexplore.ieee.org/document/8421247
https://pdfs.semanticscholar.org/66a6/75008da2fc539588d8aab1513986f55cfb72.pdf
https://pdfs.semanticscholar.org/66a6/75008da2fc539588d8aab1513986f55cfb72.pdf
https://pdfs.semanticscholar.org/66a6/75008da2fc539588d8aab1513986f55cfb72.pdf
https://ieeexplore.ieee.org/document/4804641
https://ieeexplore.ieee.org/document/4804641
https://ieeexplore.ieee.org/document/4804641


A. Mouri Zadeh Khaki et al. 

182 
 

Ebrahim Farshidi was born in Shoushtar, Iran, 
in 1973. He received the B.Sc. degree in 1995 
from Amir Kabir University, Iran, the M.Sc. 
degree in 1997 from Sharif University, Iran and 
the Ph. D. degree in 2008 from electrical 
engineering at IUT, Iran, all in electronic 
engineering. He worked for Karun Pulp and 
Paper Company during 1997–2002. From 2002 
he has been with shahid chamran university, 
Ahvaz, where he is currently Professor of 

electrical engineering department. He is author of more than 100 
technical papers in electronics and three books. His areas of interest 
include circuit design for analog integrated circuit, and circuit theories.

Karim Ansari Asl received his BSc degree in 
Electronic Engineering from Semnan 
University, Semnan, Iran, in 1995, MSc degree 
in Biomedical Engineering from Iran University 
of Science and Technology (IUST), Tehran, 
Iran, in 1999, and PhD degree in the 
Biomedical Signal Processing from University 
of Rennes 1, Rennes, France, in 2005.From 
2005 to 2007, he was a post-doctoral fellow at 
University of Rennes 1 and University of 

Geneva. Since 2008, he has been with the Electrical Engineering 
Department, Shahid Chamran University, of Ahvaz, Ahvaz, Iran. His 
research interests include artificial intelligence, pattern recognition, 
biomedical engineering, digital signal, and image processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyrights 

©2019 The author(s). This is an open access article distributed under the terms of the 
Creative Commons Attribution (CC BY 4.0), which permits unrestricted use, distribution, 
and reproduction in any medium, as long as the original authors and source are cited. No 
permission is required from the authors or the publishers.  

  

How to cite this paper: 
A. Mouri Zadeh Khaki, E. Farshidi, K. Ansari Asl, “A Novel Low-Power FPGA-based 1-1 
MASH ΔΣ Time-to-Digital Converter Employing one Counter for both Stages,” Journal of 
Electrical and Computer Engineering Innovations, 7(2): 173-182, 2019. 

DOI: 10.22061/JECEI.2020.6673.333 

URL: http://jecei.sru.ac.ir/article_1224.html 

 
 

 

https://dx.doi.org/10.22061/jecei.2020.6673.333
http://jecei.sru.ac.ir/article_1224.html

