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(57) ABSTRACT 

A novel and useful time mode analog to digital converter 
(ADC) that employs injection locking to overcome the 
nonlinearities of the voltage controlled oscillator (VCO). 
The oscillator's frequency is modulated using injection 
locking rather than varying its supply voltage. The oscillator 
is injection locked with a vector modulated signal, the 
frequency of which is derived from the oscillator itself. The 
output of the oscillator is modulated by the input voltage 
V,n(t). The output of the modulator is at the same frequency 
as the oscillator with an envelope (i.e. amplitude) deter
mined by V,n(t). This signal is injected back into the 
oscillator at one or more points. The frequency of the 
oscillator w

0
u,(t) changes in order to satisfy the Barkhausen 

criteria for oscillation. Alternatively, each stage of a ring 
oscillator (RO) incorporates its own mixer (i.e. modulator) 
and a vector modulated signal is injected into all stages of 
the RO simultaneously yielding uniform phase resolution 
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across the RO, enhancement of the VCO gain, and improved 
figure of merit (FoM). 
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INJECTION LOCKED TIME MODE ANALOG range of the ADC. There is thus a need for a time mode ADC 
TO DIGITAL CONVERTER that incorporates a voltage to frequency converter that 

exhibits fairly linear response over a wide frequency tuning 
FIELD OF THE INVENTION range in which the linearity and dynamic range of the ADC 

5 are significantly improved. 
The present invention relates generally to analog to digital 

converter circuits and in particular to an injection locked SUMMARY OF THE INVENTION 
time mode analog to digital converter. 

The present invention is a time mode analog to digital 
BACKGROUND OF THE INVENTION 

Analog to digital converters are well known circuits in the 
electronics arts. In electronics, an analog to digital converter 
(ADC) is a system that converts an analog signal into a 
digital signal. The analog signal is typically a voltage 
domain signal but it could be a current or charge domain 
signal. A digital-to-analog converter (DAC) performs the 
reverse function. An ADC may also provide an isolated 
measurement such as an electronic device that converts an 
input analog voltage or current to a digital number propor
tional to the magnitude of the voltage or current. 

10 converter (ADC) that employs injection locking to over
come the nonlinearities of the voltage controlled oscillator 
(VCO). The oscillator's frequency is modulated using injec
tion locking rather than varying its supply voltage. The 
oscillator is injection locked with a vector modulated signal, 

15 the frequency of which is derived from the oscillator itself. 
The output of the oscillator is modulated by the input voltage 
V,n(t). The output of the modulator is at the same frequency 
as the oscillator with an envelope (i.e. amplitude) deter
mined by V,n(t). This signal is injected back into the 

The conversion involves quantization of the input, so it 
necessarily introduces a small amount of error. Furthermore, 
instead of continuously performing the conversion, an ADC 
does the conversion periodically, sampling the input. The 
result is a sequence of digital values that have been con
verted from a continuous-time and continuous-amplitude 
analog signal to a discrete-time and discrete-amplitude digi-

20 oscillator at one or more points. The frequency of the 
oscillator w

0
u,(t) changes in order to satisfy the Barkhausen 

criteria for oscillation. Alternatively, each stage of a ring 
oscillator (RO) incorporates its own mixer (i.e. modulator) 
and a vector modulated signal is injected into all stages of 

25 the RO simultaneously yielding uniform phase resolution 
across the RO, enhancement of the VCO gain, and improved 
figure of merit (FoM). 

In some embodiments of the time mode ADC, the input 
voltage is applied to the VCO bias. In this mamier, the period tal signal. Note that sometimes the provided input is discrete 

in time through, for example, a circuit called "sample-and
hold". 

30 of the VCO is a linear function of the input voltage. The 
VCO frequency, however, is inversely proportional to the 
input voltage. Therefore, the spurious free dynamic range 
(SFDR) and effective number of bits (ENOB) of the ADC is 
limited. 

An ADC is defined by its bandwidth and its signal-to
noise ratio. The bandwidth of an ADC is characterized 
primarily by its sampling rate. The dynamic range of an 
ADC is influenced by many factors, including the resolution, 35 

linearity and accuracy (i.e. how well the quantization levels 
match the true analog signal), aliasing and jitter. The 
dynamic range of an ADC is often summarized in terms of 
its effective number of bits (ENOB), i.e. the number of bits 
of each measure it returns that are on average not noise. An 40 

ideal ADC has an ENOB equal to its resolution. ADCs are 
chosen to match the bandwidth and required signal-to-noise 
ratio of the signal to be quantized. If an ADC operates at a 
sampling rate greater than twice the bandwidth of the signal, 
then perfect reconstruction is possible given an ideal ADC 45 

and neglecting quantization error. The presence of quanti
zation error limits the dynamic range of even an ideal ADC. 
If the dynamic range of the ADC exceeds that of the input 
signal, however, its effects may be neglected resulting in an 
essentially perfect digital representation of the input signal. 50 

A time mode analog to digital converter is a special type 
of ADC that utilizes a voltage to frequency converter to 
convert the input voltage signal into an oscillating signal 
with a frequency proportional to the voltage of the input 
signal. A frequency counter is then used to convert that 55 

frequency into a digital count proportional to the input signal 
voltage. Longer integration times allow for higher resolu
tions. Likewise, the speed of the converter can be improved 
by sacrificing resolution. The two parts of the time mode 
ADC may be widely separated, with the frequency signal 60 

passing through an optoisolator or transmitted wirelessly. 
Some such ADCs use sine wave or square wave frequency 
modulation while others use pulse frequency modulation. 

The transfer function of the voltage to frequency con
verter used in traditional time mode ADCs, however, suffers 65 

from relatively nonlinear response over a fairly wide fre
quency tuning range. This impacts the linearity and dynamic 

As an improvement, several time mode ADC embodi
ments are provided that incorporate an injection locked 
oscillator where the VCO frequency is proportional to the 
input signal. Therefore, these embodiments achieve SFDR 
and ENOB almost as good as closed loop ADC configura
tions while maintaining the efficiency of an open loop 
configuration. 

There is thus provided in accordance with the invention, 
a time mode analog to digital converter (ADC) circuit, 
comprising an oscillator operative to generate an oscillator 
signal, a modulator operative to generate a vector modulated 
signal in accordance with an input signal and the oscillator 
signal, wherein the vector modulated signal is injected back 
into the oscillator whose frequency of oscillation is deter
mined by the input signal, and a phase converter operative 
to generate a digital output substantially proportional to the 
input signal in accordance with the oscillator signal. 

There is also provided in accordance with the invention, 
a method of time mode analog to digital conversion, the 
method comprising providing an oscillator operative to 
generate an oscillator signal, modulating the oscillator signal 
in accordance with an input signal to generate a vector 
modulated signal, injecting the vector modulated signal back 
into the oscillator whose frequency of oscillation is deter
mined by the input signal, and converting a phase of the 
oscillator signal to generate a digital output therefrom sub
stantially proportional to the input signal. 

There is further provided in accordance with the inven-
tion, a time mode analog to digital converter (ADC) circuit, 
comprising a free running N-stage ring oscillator, each stage 
comprising a load circuit operative to generate a respective 
oscillator signal, a mixer coupled to the load circuit and 
operative to mix an input signal with an oscillator signal 
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FIG. llC is a schematic diagram illustrating a second 
example ring oscillator cell in more detail; 

FIG. llD is a schematic diagram illustrating a third 
example ring oscillator cell in more detail; 

FIG. 12 is a block diagram illustrating a tenth example 
embodiment of a time mode analog to digital converter 
utilizing injection locking to improve linearity; 

from a stage other than its own to generate a respective 
vector modulated signal therefrom, wherein the vector 
modulated signal in each stage is simultaneously injected 
into a respective load circuit thereof, wherein a frequency of 
oscillation of the oscillator is determined by the input signal, 5 

a phase converter operative to generate a digital output 
substantially proportional to the input signal in accordance 
with at least one of the oscillator signals, and wherein N is 
an integer greater than or equal to two. 

FIG. 13 is a block diagram illustrating a eleventh example 
embodiment of a time mode analog to digital converter 

10 utilizing injection locking to improve linearity; There is also provided in accordance with the invention, 
a method of time mode analog to digital conversion, the 
method comprising providing a free running N-stage ring 
oscillator, each stage including a load circuit, the oscillator 
operative to generate a respective oscillator signal at each 
stage thereof, at each stage of the ring oscillator, mixing an 
input signal with an oscillator signal from another stage to 
generate a respective vector modulated signal, simultane
ously injecting each respective vector modulated signal in 
each stage into its respective load circuit, converting the 
phase of at least one of the oscillator signals and generating 
a digital output substantially proportional to the input signal 
in accordance therewith, and wherein N is an integer greater 
than or equal to two. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is herein described, by way of example 
only, with reference to the accompanying drawings, 
wherein: 

FIG. 1 is a block diagram illustrating a first example 
embodiment of a time mode analog to digital converter; 

FIG. 2 is a block diagram illustrating a second example 
embodiment of a time mode analog to digital converter; 

FIG. 14A is a block diagram illustrating a twelfth example 
embodiment of a time mode analog to digital converter 
utilizing injection locking to improve linearity; 

FIG. 14B is a diagram illustrating the phasor representa-
15 tion of the voltage signals in the circuit of FIG. 14A; 

FIG. 15 is a block diagram illustrating a thirteenth 
example embodiment of a time mode analog to digital 
converter utilizing injection locking to improve linearity; 

FIG. 16 is a graph illustrating the performance of a time 
20 mode analog to digital converter that does not employ 

injection locking; 

25 

30 

FIGS. 17 A and 17B are graphs illustrating the perfor
mance of the injection locked ADC circuit of FIG. llA 
incorporating RC load based stages; and 

FIG. 18 is a graph illustrating the magnitude and phase 
response of the injection locked ADC circuit of FIG. llA 
incorporating RLC based stages. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Time mode analog to digital converters (ADCs) can be 

FIG. 3 is a diagram illustrating example waveforms of the 35 

first and second example embodiments of a time mode 
analog to digital converter; 

considered a special class of continuous time Sigma-Delta 
(Li). ADCs that achieve first order quantization noise 
shaping without requiring a feedback loop. Consequently, 
this architecture is immune to any impairments present in 
the feedback loop. Such impairments may comprise non
idealities in the feedback digital to analog converter (DAC) 
that is normally required in a conventional RC integrator 
based topology. 

FIG. 4A is a block diagram illustrating a third example 
embodiment of a time mode analog to digital converter; 

FIG. 4B is a diagram illustrating example waveforms of 40 

the third example embodiment of the time mode analog to 
digital converter of FIG. 4A; 

A block diagram illustrating a first example embodiment 
of a time mode analog to digital converter is shown in FIG. 
1. The ADC, generally referenced 10, comprises a voltage 
controlled oscillator (VCO) 12 coupled to a frequency to 
digital converter 14. 

FIG. SA is a block diagram illustrating a fourth example 
embodiment of a time mode analog to digital converter; 

FIG. 5B is a diagram illustrating example waveforms of 45 

the first and second example embodiments of the time mode 
analog to digital converter of FIG. 4B; 

A block diagram illustrating a second example embodi
ment of a time mode analog to digital converter is shown in 
FIG. 2. The ADC, generally referenced 15, comprises VCO 
16, phase quantizer (or phase sampler) 18 and digital dif
ferentiator 19. 

FIG. 6 is a diagram illustrating several impairments of a 
time mode analog to digital converter; 

FIG. 7 is a block diagram illustrating a fifth example 50 

embodiment of a time mode analog to digital converter that 
utilizes calibration to improve linearity; 

With reference to FIGS. 1 and 2, in operation of the time 
mode ADC, the information signal VIN modulates the fre
quency of a free-running ring oscillator (RO), (i.e. VCO 12, 
16). The output phase of the ring oscillator is sampled by a 

FIG. 8 is a block diagram illustrating a sixth example 
embodiment of a time mode analog to digital converter 
having a closed loop configuration to improve linearity; 

FIG. 9 is a block diagram illustrating a seventh example 
embodiment of a time mode analog to digital converter; 

FIG. lOA is a block diagram illustrating an eighth 
example embodiment of a time mode analog to digital 
converter utilizing injection locking to improve linearity; 

FIG. 10B is a diagram illustrating the composite vector 
injected into the RO; 

FIG. llA is a block diagram illustrating a ninth example 
embodiment of a time mode analog to digital converter 
utilizing injection locking to improve linearity; 

FIG. 11B is a schematic diagram illustrating a first 
example ring oscillator cell in more detail; 

55 digital circuit (i.e. frequency to digital converter 14 or phase 
quantizer 18) and then differentiated over time (via digital 
differentiator 19) to determine the VCO frequency which is 
substantially proportional to the input signal. 

The circuits used to implement such ADCs are typically 
60 extensively digital in nature thus enabling highly compact 

and scalable implementations, the power consumption and 
resolution of which improve with process technology. 

A diagram illustrating example waveforms of the first and 
second example embodiments of a time mode analog to 

65 digital converter is shown in FIG. 3. This waveform plot 
shows several signals including a sampling clock 20, a 
sampled analog VCO input 22, VCO output 24 and VCO 
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phase 26. As shown, the VCO output frequency varies in 
accordance with the VCO input VIN. The phase of the VCO 
output is determined, the slope of which is proportional to 
the input voltage. A digital representation of the slope is used 
to determine the digitized value ofV IN· Expressions for y[n] 
and Y(z) are given below. 

1 
y[n] = ~(q,[n] - e[n]) 

1 
= ~(G,x[n] + e[n- l] - e[n]) 

Y(z)= _!__(G,X(z)+z- 1E(x)-E(z)) 
2n: 
1 

= ~(G,X(z)(z- 1 
- l)E(z)) 

(1) 

wherein y[ n] is unit-less sampled phase normalized to whole 
cycles of the VCO signal, e[n] is the quantization noise of 
the phase sampling process, X(z), Y(z), E(z) are z-domain 
transforms ofx[n], y[n], e[n], respectively. 

A block diagram illustrating a third example embodiment 

6 
range ofV IN· Consequently, the spurious free dynamic range 
(SFDR) and ENOB performance of the ADC degrades. 

A diagram illustrating several impairments of a time mode 
analog to digital converter is shown in FIG. 6. The circuit 

5 model, generally referenced 50, comprises VCO tuning gain 
block 52, frequency to phase block 54, added VCO noise 56, 
sampler block 58, quantization noise adder 60 and first order 
difference block 62. This model shows that the input har
monics, VCO noise, and the quantization noise all contribute 

10 to impairments in the output spectrum. 
The fundamental impairment of a time mode ADC is the 

nonlinear frequency tuning curve (52) which limits the 
linearity and dynamic range of the ADC. In one embodi
ment, the RO supply is varied in order to vary its oscillation 

15 frequency. Beyond a certain point, however, the voltage-to
frequency transfer function exhibits highly nonlinear behav
ior as well as sensitivity to process and temperature. 

Thus, some of the challenges of the time mode ADCs 
described supra include VCO phase noise, Kvco nonlinear-

20 ity, ring oscillator unit cell mismatch, meta-stability, and 
sampling clock jitter. 

A block diagram illustrating a fifth example embodiment 
of a time mode analog to digital converter that utilizes 
calibration to improve linearity is shown in FIG. 7. The time 

25 mode ADC, generally referenced 70, comprises voltage to 
current converter 72, current controlled ring oscillator 
(ICRO) 74, ring sampler 76, phase decoder 78, differentiator 
80, high speed look up table (LUT) 82 and digital back-

of a time mode analog to digital converter is shown in FIG. 
4A. A diagram illustrating example waveforms of the third 
example embodiment of the time mode analog to digital 
converter of FIG. 4A is shown in FIG. 4B. The time mode 
ADC circuit, generally referenced 30, comprises a VCO 31 
and an edge counter 32. The waveform plot, shows several 
signals including the input signal 34, VCO output 36 and 30 

edge counter output 38. 

ground calibration unit 84. 
Solutions to the nonlinearity problem plaguing the above 

described time mode ADC circuits can be categorized into 
either open loop or closed loop. Circuit 70 is an open loop 
configuration whereby the VCO is in free running mode and 
its transfer function is linearized through real time calibra-

In operation, the frequency of the VCO output is propor
tional to the value of input signal. The edge counter is 
operative to count the number of edges ( e.g., zero crossings) 
of the VCO output signal. The final count at the end of each 
time period is used to determine the digitized value of VIN. 

A block diagram illustrating a fourth example embodi
ment of a time mode analog to digital converter is shown in 
FIG. SA. A diagram illustrating example waveforms of the 
first and second example embodiments of the time mode 
analog to digital converter of FIG. 4B is shown in FIG. 5B. 
The time mode ADC circuit, generally referenced 40, com
prises a VCO comprising an N-stage stage ring oscillator 41 
(N=5 in this example embodiment) having five inverter 
stages 46, five edge counters 42, each coupled to one tap in 
the ring oscillator, and adder 44. The waveform plot, shows 
several signals including the input signal 43, VCO output 
signals VCOaun-s 45 (labeled as VCO OUTPUTl-5) for 
each of the five RO taps, edge counter outputs COUN
TER1_5 47 (labeled as COUNTERl-5 OUTPUT) and a total 
output count 49 which is the sum of the five edge counter 
outputs. 

In operation, the frequency of the VCOaun-s signals is 
proportional to the input signal. The edge counters are 
operative to count the number of edges ( e.g., zero crossings) 

35 tion routines applied during normal operation. The calibra
tion unit 84 is operative to generate (1) calibration coeffi
cients 88 which are input to the LUT for compensating the 
differentiated quantized phase values, and (2) a digital bias 
control 86 input to the converter 72. Note that open loop 

40 configurations typically exhibit better efficiency than closed 
loop configurations. 

Note also, however, that even with real time calibration, 
there still remains some residual nonlinearity that cannot be 
compensated for which limits the noise floor of the system 

45 in addition to the VCO phase noise. 
Note that either foreground or background calibration 

techniques may be applied to improve ADC performance as 
well as real time adaptive post digitization correction. This 
extra post processing, however, increases design complexity 

50 and current consumption. In addition, such circuits may 
require periodic calibration and compensation which can 
complicate the scheduling of events by a host controller in 
time intensive applications. 

A block diagram illustrating a sixth example embodiment 
55 of a time mode analog to digital converter having a closed 

loop configuration to improve linearity is shown in FIG. 8. 
The circuit, generally referenced 90, comprises summer 92, 
amplifier and filter 94, VCO based quantizer 96, and DAC 
98. 

of each respective VCO output signal. The total of all five 
counter outputs at the end of each time period is used to 
determine the digitized value of the input. Note that the 
resolution of the digital output is a function of the VCO 
tuning range, sampling frequency as well as the number of 60 

stages on the ring oscillator. 
The circuit 90 has a closed loop configuration and utilizes 

a feedback path to suppress the nonlinearity of the VCO. 
In an ideal ADC, the digital output is a linear function of 

the analog input which results in high signal to noise plus 
distortion ratio (SNDR) and effective number of bits 
(ENOB). The linearity of a time mode ADC, however, is 65 

limited by the nonlinear VCO transfer function, meaning the 
oscillator frequency does not vary linearly over the entire 

Therefore, the noise floor is dominated by the VCO phase 
noise which is the best possible performance for this ADC. 
The disadvantage of using a closed loop approach is reduced 
efficiency and higher design complexity. An advantage, 
however, is that closed loop configurations typically exhibit 
better SNDR than open loop configurations. 
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input to the phase quantizer and digital backend for further 
processing and generation of the digital output D ou,(t). 

The phasor representation of the signals in the voltage 
domain at the node where the injected signal is induced is 

A block diagram illustrating a seventh example embodi
ment of a time mode analog to digital converter is shown in 
FIG. 9. The circuit, generally referenced 100, comprises a 
ring oscillator 102, sampler 104, phase quantizer 106 and 
differentiator 108. 

As stated supra, the fundamental issue limiting the per
formance of a time mode ADC is the nonlinearity of the 
VCO gain Kvco· The ADC circuits described supra are 
configured to compensate for this nonlinearity. 

5 shown in FIG. 10B. In this figure, Vose is the RO signal and 
V,n(t) is the injected signal at an angular displacement 8n 
(i.e. 80 _2 ) with respect to Vose determined by the switch 
control b. (i.e. b0 _2 ). The magnitude of the composite vector 
is determined by V,n(t) which in tum modulates the phase 

10 shift introduced in the load. As a result, the frequency of the 
RO w

0
u,(t) changes in order to satisfy the Barkhausen 

criteria for oscillation. The relationship between V,n(t) and 
w

0
u,(t) is derived based on Adler's equation for an injection f

nT 

q,[n] = m[Kvco Vin(nT) + J0 ]dt 
(n-l)T 

(2) 

N 
Dvco[n] = -;;-[2HKvcoVin(nT)] +\O,q[n-1]-\0,q[n] 

where cp[ n] is the VCO phase sample at a discrete-time index 

15 
locked oscillator which shows that w

0
u,(t) is linearly pro

portional to V,n(t). Note that the injection point into the ring 
oscillator is digitally controlled and thus scales the injection 
locking range ( or frequency modulation (FM) range). 

Expressions for the RO stage frequency, phase, and n, V,n(nT) is the ADC input sample, f
0 

is the free running 
VCO frequency, N is the number of stages in the ring 
oscillator, cp[n] and cp[n-1] are two consecutive phase quan
tization error samples, Dvcal n] is the digitized frequency of 
the VCO. The frequency as a function of V,n for a typical 
ring oscillator is shown in FIG. 16. 

20 oscillator output frequency of the circuit 120 are given 
below. The injection locking can be used to control the 
resonating frequency of an LC tank oscillator as described in 
detail in U.S. Publication No. 2016/0099720, entitled 
"Wideband Digitally Controlled Injection-Locked Oscilla-

A block diagram illustrating an eighth example embodi
ment of a time mode analog to digital converter utilizing 
injection locking to improve linearity is shown in FIG. l0A. 

25 tor", incorporated herein reference in its entirety. 

(3) 

where fm(t) is the RO stage output frequency as a function 
of time, f

0 
is the free running RO frequency, f,nJ is the 

injected signal frequency, N is the number of RO stages, 
V,n(t) is the input signal, 8 is the RO stage delay, and Vose 

A diagram illustrating the composite vector injected into the 
RO is shown in FIG. 10B. The circuit, generally referenced 
120, comprises an N-stage ring oscillator 122, envelope 30 

mixer 130 (also referred to as a modulator), injection phase 
selector 124, and phase converter 135. In one embodiment, 
the phase converter 135 comprises phase quantizer ( or 
sampler) 126, differentiator 128, and ( optional) look up table 
(LUT) 129 which implements f1(VIN). The LUT functions to 35 

generate the digital output in accordance with the frequency 
output from the differentiator. The LUT represents a math
ematical relationship between the oscillator frequency and 
the input signal. It also essentially performs a mapping from 
the oscillator frequency to the digital output signal. 

The ADC circuit 120 is configured to overcome the VCO 
nonlinearity problem described supra. In this circuit, the 
VCO frequency is modulated using injection locking rather 
than varying its supply voltage. In accordance with the 
invention, the ring oscillator 122 is injection locked with an 45 

envelope modulated signal 131, the frequency of which is 
derived from the RO itself. The operation is performed by 
tapping the output 133 of the N-stage RO and mixing it with 
input voltage V,n(t) via mixer 130. The output 131 of the 
mixer 130 is at the same frequency as the RO with an 50 

envelope determined by V,n(t). This signal is injected back 
into the RO at one or more points controlled by switches 134 
via b0 _2 . Note that any number of stages N2:2 may be used 

40 is the RO stage input signal. Note that the second factor in 
the equation for fm(t) is a scaling factor that is controlled by 
8. Scaling of the injection locking range (frequency modu
lation range) is determined by the stage of the oscillator 

to construct the RO. Note that throughout this document the 
envelope modulated signal can generally be referred to as a 55 

vector modulated signal as the mixer (i.e. modulator) can 
perform amplitude modulation, or phase modulation (by 
controlling an extra delay) and can comprise a current or 
voltage signal. 

The phase selection control (b0 _2 in this example embodi- 60 

ment) determines which stage of the RO the signal 131 is 
injected into. In one embodiment, only one of the stages (i.e. 
phases) is selected at one time. The choice of RO phase or 
stage determines how much the injection locking range (or 
FM range) is scaled. Thus, the tuning range of the RO is 65 

enhanced. Note that the FM is performed by the time 
varying envelope of V,n(t). The FM signal V

0
u,(t) 133 is 

selected for injection of the envelope modulated signal. 
A block diagram illustrating a ninth example embodiment 

of a time mode analog to digital converter utilizing injection 
locking to improve linearity is shown in FIG. llA. One 
disadvantage of the ADC circuit 120 shown in FIG. l0A is 
that is suffers from non-uniform phase displacement across 
the N stages of the RO which potentially impacts the 
linearity of the ADC. This issue is addressed in the circuit 
140 shown in FIG. llA. 

The circuit, generally referenced 140, comprises a plu
rality ofN stages (or cells) 142, wherein each stage (differ
ential in this example) comprises a mixer 149 that receives 
as input both the input signal and an injection signal. The 
mixer output is injected into a load circuit in each stage (or 
tap) of the RO simultaneously. The angular displacement of 
the injected signal 8 is fixed in this embodiment by tapping 
the injected signal output at M stages either preceding or 
following the point of injection, where Mis an integer, e.g., 
-2, 1, 3, etc. The value of Mis selected based on the desired 
voltage-to-frequency gain and tuning range and linearity. 

Each stage ( or cell) of the RO incorporates a differential 
delay circuit (i.e. current source 144, transistor pair 146 and 
resistor 148) and a mixer 149 that induces injection current 
I,nJ into the RO load. The phenomenon governing the rela-



US 10,594,336 B2 
9 10 

phase samplers are combined and decoded (via phase 
decoder 202) before differentiating over time (via differen
tiator 204) to determine the RO frequency. 

A block diagram illustrating a twelfth example embodi-

tionship between w
0
u,(t) and V,n(t) is similar to circuit 120 

(FIG. lOA) described in detail supra. The topology of circuit 
140 thus results in uniform phase resolution across the RO, 
enhancement of the VCO gain Kvco, and exhibits improved 
figure of merit (FoM) compared to circuit 120 (FIG. l0A). 
Note that any number of stages N2:2 may be used to 
construct the RO. Note also that the circuit 140 comprises a 
phase converter such as phase converter circuits 135 (FIG. 
l0A) and 234 (FIG. 14A) which is not shown in FIG. llA 
for clarity sake. One of the oscillator stage output signals 
VoN+ and VoN- is tapped and input to the phase converter 
circuit to generate the ADC digital output. 

5 ment of a time mode analog to digital converter utilizing 
injection locking to improve linearity is shown in FIG. 14A. 
A diagram illustrating the phasor representation of the 
voltage signals in the circuit of FIG. 14A is shown in FIG. 
14B. The injection locked time mode ADC circuit, generally 

10 referenced 220, comprises an N-stage ring oscillator (four 
stage RO shown for example purposes only) where each 
delay stage 222 comprises a summer ( or summing node) 
227, and an inverter circuit 228 whose output is coupled to FIGS. 11B, llC, and llD illustrate various embodiments 

for the RO cell. Each embodiment exhibits a unique phase
frequency relationship of the RO load that affects the w

0
u,(t) 15 

and V,n(t) relationship over a wide frequency range. In 
particular, RO cell 150 comprises current source 152, tran
sistor pair 154, resistor pair 158, and variable capacitor 156. 
This simplistic RO cell has a limited frequency tuning range 
that is dictated by the load resistance and variable capacitor. 20 

A typical frequency tuning curve is shown in FIGS. 17 A and 
17B. RO cell 160 comprises current source 162, transistor 
pair 164, resistor pair 169, variable capacitor 168, and 
inductor 166. This structure can achieve wider tuning range, 
especially if the inductor quality factor Q is low, as shown 25 

in FIG. 18. RO cell 170 comprises current source 172, 
transistor pair 176, resistor pair 179, variable capacitor 178, 
and back to back inverters 17 4. This configuration has a 
feed-forward path that introduces a transfer function zero 
into the system creating desirable frequency tuning charac- 30 

teristics. 
A block diagram illustrating a tenth example embodiment 

of a time mode analog to digital converter utilizing injection 
locking to improve linearity is shown in FIG. 12. The ADC 
circuit, generally referenced 180, comprises external clock 35 

source 182, injection locked RO 184 with N-stages 186, 
phase sampler 183, phase decoder 185, and differentiator 
187. The injection locked RO may include the circuits 120, 
140 of FIGS. l0A, llA described in detail supra. 

an LC including inductor 230 and capacitor 232 connected 
m senes. 

Similar to the ADC circuit 140 (FIG. llA), circuit 220 
also employs individual mixers (i.e. modulators) in each 
oscillator stage. The mixer in each stage comprises a power 
efficient inverter 226 whose supply voltage is coupled to the 
input signal VIN· Alternatively, the signal VIN can control a 
current starved bias. The input to the inverter, like circuit 
140 (FIG. llA), may comprise any of the oscillator signals 
from other stages. For example, the input to the inverter in 
the first delay stage of the ring oscillator may comprise 
signals V 2 , V 3 or V 4 . The input to the inverter in the second 
delay stage of the ring oscillator may comprise signals V 1 , 

V3 or V4 . Expressions for the four signals V 1_4 are given 
below. 

(4) 

where V osc is the peak oscillator voltage considering the 
amplitude of vectors V 1_4 and is determined by the proper
ties of the inverter and the load at its output. 

The circuit 220 also comprises a phase converter 234 that 
includes a clocked phase quantizer (or sampler) 236, phase 
differentiator 238, and look up table (LUT) 240. The LUT 
functions to generate the digital output in accordance with 
the frequency output from the differentiator. The LUT 

Note that in this embodiment, a relatively large number of 40 

stages in the RO are typically required to sufficiently reduce 
phase noise quantization. The RO, however, is the most 
current consuming block in the VCO based ADC. The 
number of stages in the RO is reduced in an eleventh ADC 
embodiment described below. 

A block diagram illustrating an eleventh example embodi
ment of a time mode analog to digital converter utilizing 
injection locking to improve linearity is shown in FIG. 13. 
The ADC circuit, generally referenced 190, comprises an 
external clock source 192 coupled to a plurality of digital to 50 

time converter (DTCs) 194 (e.g., four in this example 
embodiment), a plurality of phase samplers 200 ( e.g., four in 
this example embodiment) each clocked by the output of a 
respective DTC, phase decoder 202, and differentiator 204. 

45 represents a mathematical relationship between the oscilla
tor frequency and the input signal. It also essentially per
forms a mapping from the oscillator frequency to the digital 
output signal. 

ADC circuit 190 is an improved architecture over circuit 55 

180 (FIG. 12) that reduces the number of delay stages in the 
RO by time interleaving the phase sampling operation. In 
particular, the number of stages of the RO is reduced by 
manipulating parallel phase samplers with staggered sam
pling clocks with finite delay between them. It is noted that 60 

the power consumption increase caused by the additional 
phase samplers is offset by the reduction in the RO power. 

An advantage of the circuit 220 is that it improves the 
overall power efficiency of the system by employing invert
ers as envelope mixers. In the N stage RO with LC load, the 
injected signal (e.g., V INJ 1_4 ) is applied in voltage mode at 
each respective tap of the RO chain. The inverter supply is 
the input voltage that modulates the amplitude of the output 
square wave delivered to the respective LC load. It is noted 
that this structure exhibits no static power dissipation com-
pared to the active mixer implementation shown in the 
circuit 140 (FIG. llA). FIG. 14B illustrates the phasors 
operating in the circuit 220. The injected voltage signal 
interacts with the RO voltage signal to introduce a phase 
shift that manipulates the RO frequency according to the 
following expression. 

(5) 
This embodiment comprises a plurality of multiple phase 

samplers 200 gated by a uniquely delayed version of the 
external clock 192. The delay between the clocks of the 
phase samplers is determined by the digital code Nn input to 
a digital-to-time converter (DTC) 194. The outputs of the 

65 where A and B are constants. 
A block diagram illustrating a thirteenth example embodi

ment of a time mode analog to digital converter utilizing 
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injection locking to improve linearity is shown in FIG. 15. 
The time mode ADC circuit, generally referenced 250, 
comprises a generic oscillator 254 (N-stage in general, but 
here N can be 1 ), and voltage to current converter block 252. 
The voltage to current converter block 252 is a modulator 5 

that resembles the mixer circuit described above. Each of the 
N2:l oscillator stages 254 comprises an LC tank consisting 

12 
functionality upon various logic blocks or circuit elements. 
Thus, it is to be understood that the architectures depicted 
herein are merely exemplary, and that in fact many other 
architectures may be implemented which achieve the same 
functionality. 

Any arrangement of components to achieve the same 
functionality is effectively "associated" such that the desired 
functionality is achieved. Hence, any two components 
herein combined to achieve a particular functionality may be 

of inductor 268, tunable capacitor 266 and equivalent par
allel losses resistor 264, whose free-running frequency w

0 
is 

controllably set by the capacitor 266. In operation, the tank 
is injected with a delayed version of its own resonating 
waveform. 

10 seen as "associated with" each other such that the desired 

The output of each N2:l oscillator stage is coupled to a 
voltage-to-current converter 252 with amplitude and/or 
phase control, which acts as the modulator. Block 252 15 

performs amplitude modulation (I,n) 256 and/or phase 
modulation (8) 258 on the oscillator signal V

0
sc The modu

lation is a function of the input signal ( e.g., input signal 
voltage) of the ADC V,n· In one embodiment, the output 
signal 270 is a current that is injected into the oscillator at 20 

a particular tap (or the lone resonator, ifN=l). In operation, 
the circuit 250 performs tuning of the oscillator frequency, 
which is a function of V,n, using injection locking. The 
oscillator frequency is estimated by sampling the oscillator 
phase (signal 280) and differentiating it with respect to time. 25 

Note that oscillator phase output signal 280 can comprise a 
bus signal that connects to all stages in parallel or can tap 
any stage individually. This is achieved using a phase 
converter 272 including phase quantizer (or sampler) 274, 
phase differentiator 276, and (optional) look up table (LUT) 30 

278. The LUT functions to generate the digital output in 
accordance with the frequency output from the differentia
tor. The LUT represents a mathematical relationship 
between the oscillator frequency and the input signal. It also 
essentially performs a mapping from the oscillator fre- 35 

quency to the digital output signal 
A graph illustrating the performance of a time mode 

analog to digital converter that does not employ injection 
locking is shown in FIG. 16. Although the frequency versus 
input voltage curve appears fairly linear, this is the case for 40 

a limited tuning range of frequencies and input voltage, i.e. 
approximately 300 MHz over an input voltage range from 0 
to 0.7V. 

functionality is achieved, irrespective of architectures or 
intermediary components. Likewise, any two components so 
associated can also be viewed as being "operably con-
nected," or "operably coupled," to each other to achieve the 
desired functionality. 

Furthermore, those skilled in the art will recognize that 
boundaries between the above described operations merely 
illustrative. The multiple operations may be combined into 
a single operation, a single operation may be distributed in 
additional operations and operations may be executed at 
least partially overlapping in time. Moreover, alternative 
embodiments may include multiple instances of a particular 
operation, and the order of operations may be altered in 
various other embodiments. 

The terminology used herein is for the purpose of describ
ing particular embodiments only and is not intended to be 
limiting of the invention. As used herein, the singular forms 
"a", "an" and "the" are intended to include the plural forms 
as well, unless the context clearly indicates otherwise. It will 
be further understood that the terms "comprises" and/or 
"comprising," when used in this specification, specify the 
presence of stated features, integers, steps, operations, ele
ments, and/or components, but do not preclude the presence 
or addition of one or more other features, integers, steps, 
operations, elements, components, and/or groups thereof. 

In the claims, any reference signs placed between paren
theses shall not be construed as limiting the claim. The use 
of introductory phrases such as "at least one" and "one or 
more" in the claims should not be construed to imply that the 
introduction of another claim element by the indefinite 
articles "a" or "an" limits any particular claim containing 
such introduced claim element to inventions containing only 
one such element, even when the same claim includes the 
introductory phrases "one or more" or "at least one" and Graphs illustrating the performance of the injection 

locked ADC circuit of FIG. llA incorporating RC load 
based stages is shown in FIGS. 17A and 17B. These two 
graphs show a wider tuning range of approximately 700 
MHz. A graph illustrating the magnitude and phase response 
of the injection locked ADC circuit of FIG. llA incorpo
rating RLC based stages is shown in FIG. 18. In this graph, 
the magnitude versus frequency is shown as the solid curve 
while the phase versus frequency curve is shown dashed. As 
shown, the linearity performance of the circuit 220 (FIG. 
llA) is greatly improved with a significantly wider fre
quency tuning range. 

45 indefinite articles such as "a" or "an." The same holds true 
for the use of definite articles. Unless stated otherwise, terms 
such as "first," "second," etc. are used to arbitrarily distin
guish between the elements such terms describe. Thus, these 
terms are not necessarily intended to indicate temporal or 

Note that FIGS. 17A, 17B and 18 illustrate the relation
ship between the phase shift in the load circuit and frequency 
of the oscillator. In the ADC circuit of the present invention, 
the y-axis on these graphs labelled as 'phase' is the inde
pendent variable that is manipulated by the interaction of the 
oscillator and the injected signal and therefore serves the 
same purpose as the input voltage axis in the graph of FIG. 
16. 

Those skilled in the art will recognize that the boundaries 
between logic and circuit blocks are merely illustrative and 
that alternative embodiments may merge logic blocks or 
circuit elements or impose an alternate decomposition of 

50 other prioritization of such elements. The mere fact that 
certain measures are recited in mutually different claims 
does not indicate that a combination of these measures 
cannot be used to advantage. 

The corresponding structures, materials, acts, and equiva-
55 lents of all means or step plus function elements in the 

claims below are intended to include any structure, material, 
or act for performing the function in combination with other 
claimed elements as specifically claimed. The description of 
the present invention has been presented for purposes of 

60 illustration and description, but is not intended to be exhaus
tive or limited to the invention in the form disclosed. As 
numerous modifications and changes will readily occur to 
those skilled in the art, it is intended that the invention not 
be limited to the limited number of embodiments described 

65 herein. Accordingly, it will be appreciated that all suitable 
variations, modifications and equivalents may be resorted to, 
falling within the spirit and scope of the present invention. 
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The embodiments were chosen and described in order to 
best explain the principles of the invention and the practical 
application, and to enable others of ordinary skill in the art 

14 
converting a phase of said oscillator signal to generate a 

digital output therefrom substantially proportional to 
said input signal. 

to understand the invention for various embodiments with 
various modifications as are suited to the particular use 
contemplated. 

The invention claimed is: 
1. A time mode analog to digital converter (ADC) circuit, 

comprising: 

10. The method according to claim 9, wherein said vector 
5 modulated signal comprises at least one of a phase modu

lated signal, and an amplitude modulated signal and at least 
one of a current signal, and a voltage signal. 

11. The method according to claim 9, wherein said 

an oscillator operative to generate an oscillator signal; 
a modulator operative to generate a vector modulated 

signal in accordance with an input signal and said 
oscillator signal, wherein said vector modulated signal 

converting comprises: 
10 quantizing the phase of the oscillator signal to generate a 

is injected back into said oscillator whose frequency of 
oscillation is determined by the input signal; and 

a phase converter operative to generate a digital output 
substantially proportional to said input signal in accor
dance with said oscillator signal. 

15 

2. The time mode ADC circuit according to claim 1, 
wherein said vector modulated signal comprises at least one 20 

of a phase modulated signal, and an amplitude modulated 
signal and at least one of a current signal, and a voltage 
signal. 

3. The time mode ADC circuit according to claim 1, 
wherein said oscillator comprises at least one of an LC-tank 25 

based oscillator and an N-stage ring oscillator. 
4. The time mode ADC circuit according to claim 1, 

wherein said oscillator comprises an N-stage ring oscillator, 
said vector modulated signal is injected back into at least one 
stage of said ring oscillator. 

5. The time mode ADC circuit according to claim 1, 
wherein said phase converter comprises: 

a phase quantizer operative to generate a first digital 
signal in accordance with said oscillator signal; 

30 

a digital differentiator operative to receive said first digital 35 

signal and generate a second digital signal representing 
a derivative thereof; and 

a lookup table (LUT) operative to generate the digital 
output in accordance with said second digital signal, 
wherein said LUT represents a mathematical relation- 40 

ship between said oscillator frequency and the input 
signal. 

6. The time mode ADC circuit according to claim 1, 
wherein said phase converter comprises: 

a plurality of digital to time converters, each adapted to 45 

receive a clock signal; and 
a plurality of parallel phase samplers, each coupled to said 

oscillator and to a respective digital to time converter. 
7. The time mode ADC circuit according to claim 1, 

further comprising scaling of an injection locking range 50 

(frequency modulation range) is determined by a stage of the 
oscillator selected for injection of said vector modulated 
signal. 

8. The time mode ADC circuit according to claim 1, 
further comprising an injection phase selector circuit opera- 55 

tive to select a stage of the oscillator for injection of said 
vector modulated signal in accordance with a digital control 
signal. 

first digital signal therefrom; 
differentiating the first digital signal to generate a second 

digital signal therefrom; and 
providing a lookup table (LUT) for generating the digital 

output in accordance with the second digital signal, 
wherein said LUT represents a mathematical relation
ship between said oscillator frequency and the input 
signal. 

12. A time mode analog to digital converter (ADC) 
circuit, comprising: 

a free running N-stage ring oscillator, each stage com
prising: 
a load circuit operative to generate a respective oscil

lator signal; 
a mixer coupled to the load circuit and operative to mix 

an input signal with an oscillator signal from a stage 
other than its own to generate a respective vector 
modulated signal therefrom; 

wherein the vector modulated signal in each stage is 
simultaneously injected into a respective load circuit 
thereof, wherein a frequency of oscillation of said 
oscillator is determined by the input signal; 

a phase converter operative to generate a digital output 
substantially proportional to said input signal in accor
dance with at least one of said oscillator signals; and 

wherein N is an integer greater than or equal to two. 
13. The time mode ADC circuit according to claim 12, 

wherein said vector modulated signal comprises at least one 
of a phase modulated signal, and an amplitude modulated 
signal and at least one of a current signal, and a voltage 
signal. 

14. The time mode ADC circuit according to claim 12, 
wherein said phase converter comprises a phase quantizer 
circuit comprising: 

a plurality of digital to time converters, each adapted to 
receive a clock signal; and 

a plurality of parallel phase samplers, each coupled to said 
ring oscillator and to a respective digital to time con
verter. 

15. The time mode ADC circuit according to claim 14, 
wherein each phase sampler is gated by a delayed version of 
said clock signal. 

16. The time mode ADC circuit according to claim 15, 
wherein a delay between clocks of said phase samplers is 
determined by a digital code input to said digital to time 
converters. 

17. The time mode ADC circuit according to claim 12, 9. A method of time mode analog to digital conversion, 
the method comprising: 

providing an oscillator operative to generate an oscillator 
signal; 

60 wherein the mixer in each stage comprises a power efficient 
inverter based mixer whose supply is coupled to the input 
signal and whose input is coupled to a respective oscillator 
signal. modulating said oscillator signal in accordance with an 

input signal to generate a vector modulated signal; 
injecting said vector modulated signal back into said 65 

oscillator whose frequency of oscillation is determined 
by the input signal; and 

18. The time mode ADC circuit according to claim 12, 
wherein said phase converter comprises: 

a phase quantizer circuit operative to generate a first 
digital signal in accordance with said oscillator signal; 
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a digital differentiator operative to receive said first digital 
signal and generate a second digital signal representing 
a derivative thereof; 

a lookup table (LUT) operative to generate the digital 
output in accordance with said second digital signal, 
wherein said LUT represents a mathematical relation
ship between said oscillator frequency and the input 
signal. 

19. A method of time mode analog to digital conversion, 
the method comprising: 

16 
a phase modulated signal, and an amplitude modulated 
signal and at least one of a current signal, and a voltage 
signal. 

21. The method according to claim 19, further comprising 
5 phase resolution being uniform across all stages of the ring 

oscillator. 
22. The method according to claim 19, further comprising 

an angular displacement between the oscillator signal and 
each respective vector modulated signal which is varied to 

10 
scale an injection locking range (frequency modulation 
range). 

23. The method according to claim 19, wherein said 
mixing comprises providing an inverter based mixer whose 
supply is coupled to the input signal and whose input is 
coupled to a respective oscillator signal. 

providing a free running N-stage ring oscillator, each 
stage including a load circuit, said N-stage ring oscil
lator operative to generate a respective oscillator signal 
at each stage thereof; 

15 
at each stage of the ring oscillator, mixing an input signal 24. The method according to claim 19, wherein said 

converting comprises: with an oscillator signal from another stage to generate 
a respective vector modulated signal; 

simultaneously injecting each respective vector modu
lated signal in each stage into its respective load circuit; 20 

converting a phase of at least one of said oscillator signals 
and generating a digital output substantially propor
tional to said input signal in accordance therewith; and 

wherein N is an integer greater than or equal to two. 

20. The method according to claim 19, wherein each said 25 

respective vector modulated signal comprises at least one of 

quantizing the phase of the oscillator signal to generating 
a first digital signal therefrom; 

differentiating the first digital signal to generate a second 
digital signal therefrom; and 

providing a lookup table (LUT) for generating the digital 
output in accordance with the second digital signal, 
wherein said LUT represents a mathematical relation
ship between said oscillator frequency and the input 
signal. 

* * * * * 




