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(57) Abstract: A digitally controlled delay device, comprising: at least one delay generating gate devic (Ro) e, whose propagation
delay is controlled by limiting operating current by means of a tail transistor (M1, M2 ) that is controlled by its gate voltage, a gate
control voltage control means (DAC) for controlling the current limiting transistor gate voltage, and a bank of digitally controlled
MOSFET transistors in parallel configuration, and the digital control (DCW) is adapted to switch the transistors to off and to diode
mode connection, current feeding means (M3) to feed current through the bank of MOSFET transistors, and the voltage over the
bank of parallel transistors is used for gate source control voltage of the tail transistors.
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Digitally Controlled Delay

The invention relates to simple and small silicon area digitally controllable
delay and method of producing linear digital delay control.

Prior art

The known delay control device of figure 1 uses DAC (Digital to Analog Con-
verter), and controllable current sinks for adjusting the maximum current of
each inverter in the ring oscillator. The current is used to control the speed
of charging and discharging of the capacitors in the inverter. The delay is
approximately linear function of the invert of maximum current I defined by
the current sources. This is described in document by V. De Heyn, G. Van
der Plas, J. Ryckaert, J. Craninckx, "A fast start-up 3GHz—10GHz digitally con-
trolled oscillator for UWB impulse radio in 90nm CMOS," in Proc. European
Solid State Circuits Conference, pp. 484-487, 11-13 Sept. 2007.

The device of fig 1 is a prior art device, that is based on a constant current
source, a diode mode transistor and a bank of transistors acting as adjust-
able resistor for tuning the bias of the current mirrors of the delay devices.
The diode connected transistor is generating approximately constant voltage
drop that is summed with the bank of transistors and resistor R voltage. The
diode mode transistor is ensuring the current mirrors staying in active region
and keeping the current at least to a minimum value that is defined by the
constant current source, sizes of transistors and the minimum voltage drop

over the transistor bank and the resistor.

The problem is that the minimum mirrored current is quite high, and there-
fore the usable maximal delay is short.

Another well known way is to use current mirror and controllable current

source for controlling the delay devices load capacitance discharge current.
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For all digital circuit there is not enough operating voltage headroom for
properly working analogue elements to generate both digitally controlled cur-

rent and a current mirror.

The other well known way to control the delay is to control the load capaci-
tance of the inverters. Load capacitance control limits the minimum delay
considerably compared to delay device current limiting control, because add-
ing load capacitance always slows down the delay device, and the capaci-
tance is not possible to control to zero.

Invention

The object of invention is to provide more compact and less power hungry
device with yet good linearity of control over large delay area, and further to
provide good compatibility with digital CMOS design. Delay circuits are
needed for PLL, especially for All Digital PLL (ADPLL) ring oscillator, and also
in delay-locked loops and delay-tuneable time-to-digital converters (TDCs).

The object of invention is achieved by using the controllable transistor bank
as controllable current mirror with varying mirroring ratio. This is done by
using a diode mode transistor as current mirror input transistor gate con-
nected to power supply rail when the transistor is turned on. This allows fast
and simple control, and still the transistor voltage drop is equal to gate-
source-voltage. The gate is connected to power supply rail voltage simply by
any CMOS gate output, and it is turned off by the same logic gate.

The invention uses therefore a current mirror that the gates of input and
output are not in the same voltage, but the input transistors are opposite

polarity and their gates are switched to the rail voltage.

The invention is described in detail with reference to figures.
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Figure 1 presents state of art schematic

Figure 2  presents an embodiment according to the invention used to con-
trol the delay of a ring oscillator.

Figure 3 presents digital to voltage relationship for vd in Fig. 2

Figure 4  presents voltage Vd to frequency relation

Figure 5 presents approximate digital to frequency relationship of the Fig.
2 device.

Figure 1 shows the prior art solution discussed above. This approach allows a
smaller minimum delay than tuneable capacitors. However, the control can
not turn the current mirror transistors of the delay cells to very low maxi-
mum current, because the control voltage is always higher than the diode
mode transistors voltage drop. If the current source is very small and the
diode connecter transistor very wide, the device control speed is limited, as
the small current of the current mirror control circuit can not drive the gate
capacitances of the current mirrors that control the delay circuits maximum
current. Implementation of constant current sources is also becoming more
problematic for its ill-compatibility with nowadays nanoscale CMOS due to
the increased leakage current and channel length modulation of MOS transis-
tors.

Figure 2 presents a simplified schematic of an embodiment of the invention
in form of a digitally controlled ring oscillator as delay device. The invention
can be used to control also other delay devices, not only ring oscillator.

In following description the current mirror output transistors are called tail
transistors of the delay device. They may work as current mirrors, when the
control voltage is small, and the gate-drain voltage is large during the state
change of the delay device. For large control voltages they work most cur-
rent conducting time in triode mode, and the delay control of very small de-
lay values is working as triode mode resistance control.
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The overall exact analysis of the device is not straight forward for typical
CMOS-process, as the transistors are far from ideal analogue electronics de-
vices. The fine tuning of the device properties must be therefore done by

simulation and testing.

The first part of the Fig 2 device is Non-linear Digital to Analogue Converter
(DACQ), or a current mirror, that changes its current and current mirroring
ratio as function of the digital control. The DAC takes as it input a Digital
Control Word DCW, and output is voltage Vd. Voltage Vd is used to control
the ring oscillator RO current limiting tail transistors M1 and M2 that are used
for limiting the inverter INV1 and INV2 operating current. The M1 and M2
are of opposite polarity than the DAC transistors, therefore it is not a conven-
tional current mirror configuration, as the gates of input and output are not
in any way connected to each other.

The DAC in Fig 2 is a simple voltage divider that gives a non-linear voltage
output Vd. The upper resistance transistor M3 is a small PMOS transistor with
moderately high on-resistance. As can be seen from the Fig. 2, the upper
PMOS M3 is normally turned on, as the gate of it is connected to 0 volts.
There may be also a control to turn the transistor M3 and the whole device
off. M3 is typically longer than wide.

The lower transistors are digitally weighted PMOS transistors and their chan-
nels are connected parallel to form the lower branch of the voltage divider.
They are controlled by a digital control word signal referred in Fig 2 by DCW.
They are turned off by logic “1” or high operating voltage to their gate, and
turned on by logic “0”. When they are turned on, they work in diode mode.
When all the transistors are on, the output is still not pulled lower than
threshold voltage of the transistors.

When all transistors are on, the voltage over them is at its minimum, and so

is the total current. The current mirroring ratio is in that case lowered more
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than the current is increased, if the current mirror analogue is used for
analysis. The other way is to simply consider the bank of transistors as width
variable diode connected FET, with transistor M3 as a pull up resistor. It is in
clear triode mode when the output voltage of DAC is high, and it is close to
active region or in active region when the diode connected transistor bank is
all on, and the voltage over them is about the threshold voltage.

This use of diode mode transistors in the DAC voltage control allows surpris-
ingly easy way to implement linear control of delay and fast reaction time for
the control. Also it allows longer delays than the Fig 1 solution, as the control
voltage can be nearly the threshold voltage. This arrangement is advanta-
geous because PMOS transistors usually have bit higher threshold voltage
than NMOS, and the minimum control voltage of NMOS tail transistor is
therefore always bit over threshold. The DAC both branches are of same po-
larity, and therefore the properties of DAC is stable for process variations.

Also due to the structure of the DAC, the transistor bank W/L ratio function is
easy to make monotonous as function of digital control word, and also the
voltage function is therefore monotonous, if the bank transistors have alike
properties.

The weighted transistor may also advantageously be arranged so, that there
is a coarse adjustment and fine tuning. This can be made with two parallel
banks of transistors. The coarse adjustment bank has minimum step of the
channel W/L ratio that it smaller than the second bank tuning range. Fine
tuning may also be made by a thermometer coded bank of equal size transis-
tors.

The approximate digital to voltage Vd/DCW function is presented in Fig 3.
The Vd slope in lower DCW values is small, and the tail transistors are work-
ing in high resistance state, with lower gate-source voltage and higher drain-
source voltage during the current limiting of the inverter. This leads the tail



WO 2012/156952 PCT/IB2012/052509

10

15

20

25

30

6

transistors working with low DCW values close to threshold in active region,
therefore limiting the maximum current during the state change of the delay
device.

Raising the Vd voltage lowers the voltage over tail transistors and the current
raises and the tail transistors start to operate more of the their current con-
ducting time in triode region. The tail transistor current changes during the
state change of the delay device. The voltage-to frequency or voltage to de-
lay function is steep in the small control voltages Vd close to the threshold
voltage of tail transistors, as depicted in Fig. 4.

It is demonstrated that the above the nonlinearities of the above two rela-
tionships can cancel each other out almost perfectly when cascaded, and
result in a very linear overall linear relationship between the DCW and output
delay, as illustrated in Fig. 5.

The overall mathematical analysis of the digital to delay or frequency re-
sponse is difficult, and it is advisable to use simulation to find the right val-
ues for the transistor size ratios with different processes and parameters.
The weighted transistors may be calculated as digitally controlled variable
width single transistor, which is then split to weighted width transistors as
needed. In practice the tail transistor voltage to delay function is first deter-
mined, and its inverse function is defined. After that the digital to voltage
function is defined as needed. The tail transistor preferably controls the in-
verter (or other gate) entire current, the tail transistor may be simply con-
nected in series with the other CMOS-inverter transistor. The tail transistor is
usually simply in series with the transistors of the inverter. It may be easier
to use buffers instead of series inverters, so that only every second inverter
stage is affected by the tail transistor. The delay device may be made on
purpose slower by adding some load capacitance.
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The tests of the device according to the invention showed nearly linear be-
haviour, and the dimensioning of the transistors was not very difficult, the
compensation of non-linearity worked with different designs requiring only
moderate work with simulator optimization and the production stage proto-
types are also working with good linearity and repeatability.

The device may of figure 2 may be understood as a complementary polarity
current mirror with changing mirroring ratio. Larger input current leads to
smaller output current, as the current mirroring ratio is increasing more than
the input current. It may be also considered to be a voltage division circuit
with diode mode FET bank as lower branch and a high resistance FET as up-
per branch.

Instead of the complementary polarity current mirror, the bank transistors
have same polarity with the tail transistors. The bank transistors should be
then controlled by complementary parallel FET-switches for connecting the
gate to diode mode and other switch transistor for each bank transistor to
turn the transistor off by grounding the gate. The operation voltages and Vd
also changes, as the threshold voltage of NMOS is usually bit lower, the
smallest control voltage would be smaller and the tail transistors may not
operate properly for lowest control voltages. Further, the NMOS lower resis-
tances would require more current or longer transistor channels, therefore
taking more silicon area than same resistance PMOS transistors. Also the op-
eration speed would be worse, as the control voltages of the bank transistors
are not rail to rail as with the complementary polarity PMOS transistors. The
advantage may be that the same polarity input and output in the current

mirror circuit is not as sensitive to processing variations.

The minimum delay is smaller than in prior art solutions when implemented
inside a digital CMOS integrated circuit with low operating voltage with either
tuneable capacitances. Compared to normal current mirror the controllable

range is easy to make larger, because the maximum tail transistor control
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current is defined by the current mirroring ratio of tail transistor divided by
the smallest bank transistor. The longest delay is defined by the on-voltage
of whole bank turned on and the pull-up transistor limiting the current. The
digital control was moderately easy to implement with simulator optimisation
resulting to good enough linearity for all digital PLL or most other uses for
tuneable digital delay.

The linearity of the device is surprisingly good, even many of the transistors
are not working in any clearly defined operation mode and the overall behav-
iour is hard to analyse for different delay values. The varying operation con-
ditions and different operation modes as function of the control word are
true not only for the tail transistors, but also for the pull up transistor, and
the delay device transistors that are current limited by tail transistors. The

operation is linear over much larger control range than was expectable.
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CLAIMS

1. A digitally controlled delay device, comprising:

at least one delay generating gate device,

whose propagation delay is controlled by limiting operating current by means
of a tail transistor that is controlled by its gate voltage,

a gate control voltage control means for controlling the current limiting tran-
sistor gate voltage,

characterized by that the gate voltage control means comprises:

a bank of digitally controlled MOSFET transistors in parallel configuration,
and the digital control is adapted to switch the transistors to off and to diode
mode connection,

current feeding means to feed current through the bank of MOSFET transis-
tors,

and the voltage over the bank of parallel transistors is used for gate source
control voltage of the tail transistors.

2. A digitally controlled delay device according to claim 1, wherein the digi-
tally controlled transistor bank is of opposite polarity than the tail transistors,
and the bank transistors gates are connected to diode mode by the driving
the gate voltage of the transistors to either of the rail voltages of the circuit,
and the diode mode transistors have a common gate source voltage that is
used to mirror the bank transistors gate source voltage to the tail transistors
so that the current mirroring ratio to tail transistors drain is defined as func-
tion of the switched-on transistors in the transistor bank.

3. A digitally controlled delay device of any previous claim, wherein the digi-
tally controlled transistor bank current is fed from an on-turned FET transis-
tor.
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4. A digitally controlled delay device according to claim 3, wherein the digi-
tally controlled transistor bank current is fed through an active mode FET

transistor acting as constant current source.

5. A digitally controlled delay device according to claim 3, wherein the digi-
tally controlled transistor bank current is fed through a triode mode FET

transistor acting as resistor.

6. A device according to any preceding claim, wherein the delay generating
device is part of ring oscillator, delay-locked loop, or delay-tuneable time-to-
digital converter (TDC).

7. A device according to any preceding claim, where in the digitally controlled
delay device is part of CMOS integrated digital circuit.

8. Method for controlling delay in digitally controlled delay device comprising
tail transistors for limiting the maximum current of the delay device during
the state change of the device, the method comprising steps:

- arranging a bank of parallel connected digitally controlled transistors con-
trollable to be turned to diode mode and off, and arranging a maximum cur-
rent limited bias for the said bank of transistors,

- controlling the tail transistors gate by a voltage over the digitally controlled
bank of diode connectable transistors in parallel so that the diode connect-
able transistors are turned on by connecting their gate or base to diode
mode, and the voltage over the parallel transistors digitally controlled transis-
tors is used for controlling the tail transistors of the delay device.
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