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Abstract An analog phase interpolator with improved step linearity is presented in
this paper. The linearity is improved by setting the time constant of the output nodes
in suitable value and by employing a fine trimming technique. The performance and
the improved linearity have been verified with post-layout simulations using a well-
established CMOS 65nm technology and transistors with standard threshold voltages.
The clock frequency is at 2.5GHz and the core voltage supply at 1.2V. Its low phase
noise makes the circuit suitable for high-speed systems where low jitter performance
is required.
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1 Introduction

The phase interpolator (PI) is a critical block in the clock and data recovery (CDR)
loop. PI is interposed in SerDes systems, between the PLL and the data samplers, in
order to shift the clock phase accordingly in the data sampling window. It receives two
clocks of the same frequency with phases φ andψ , respectively, and generates a clock
output whose phase Θ is the weighted summation of the two input phases [11]. The
ideal PI must generate a number of equally spaced phase steps for a full cycle from 0◦
to 360◦. In fact, the generation of equally spaced steps is a hard process in real PIs, and
this is one of the major problems that needs correction for a proper operation. Several
digital or analog PI circuits have been proposed in the literature focusingmostly in step
linearity [3] with a robust circuit and design flexibility. Some papers propose simple
methods to improve linearity, like better control, or feedback from the output, while
some others propose more complicated techniques, like multiple step stages [2,7,12],
but some of them are not suitable for high-speed systems [8]. The specifications for
the phase linearity and step size depend on the system architecture, where usually, a
number of 32 steps in total is good enough for a typical high-speed de-serializer. The
phase step should not be too short to follow the long phase variations within specific
clock cycles, but also should not be too long because it may create longer phase steps
than the required ones, and then, the clock could be out of the valid data window. A
controller is used to drive the steps of the phase interpolator, up or down. This is a fully
digital circuit operating as an up/down counter. Also, in most of the high-frequency
systems and especially when a spread spectrum clock is used, the phase changes must
take place very fast, ideally, in only one bit period in order that the clock will remain
in the valid window of the CDR; therefore, both the phase interpolation and its digital
controller must be high-speed circuits.

Two generic methods are followed in designing PIs: the analog and the digital.
Usually, the analog PIs are employed in high-speed systems with high operating fre-
quency. Some systems use low-frequency PI, but they require a really large number of
input phases to feed its input [3]. The large number of phases and the multiple clock
distribution make the layout a tough procedure, especially when used in high bit-rate
systems. Also, for the digital PIs, highly accurate phases must be generated and dis-
tributed from the oscillator. A digital PI proposed in [10] is very simple in design
and shows improved linearity but offers small number of steps with large delays, and
therefore, it is not suitable for high-speed architectures.

The analog PI is based on the weighted current summation of the two input clocks.
The topology is constructed from two arrays of controlled current-mode logic (CML)
buffers, as shown in Fig. 1 [1–3,6,9,11,13]. Usually, two clocks with 90◦ phase dif-
ference feed the input. By selecting the combinations of 0 and 90 phases and their
inversions through multiplexers, all the possible phases for a circle of 360 are avail-
able, as shown in Fig. 2. The output of the PI is the corrected in phase clock which
is a CML signal. Therefore, a CML-to-CMOS converter is required to feed forward
all the digital cells. Also, a digital controller controls the operation of the interpolator
increasing or decreasing the phase, one step each time.

A flexible, analog-based PI with improved step linearity is proposed in this paper.
The improvement is achieved by introducing two techniques; firstly, an integral of the
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Fig. 1 The analog PI

output signal is produced, and secondly, a fine trimming is carried out by increasing
the resolution. The paper is organized as follows: In Sect. 2, the design of the proposed
PI is described and the nonlinearity effects are explained. In Sect. 3, the theoretical
analysis and some linearity improvements are provided, and in Sect. 3, the simulation
results are presented before and after the linearity improvement. Finally, the results
regarding the PI performance are summarized.
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Fig. 2 The topology of the PI

2 The Phase Interpolator

PI receives two clock phases and generates intermediate phases with specific steps.
Usually, the input signals, in analog PIs, are of CML type and have a phase difference
of 90◦ in order to produce intermediate phase shifts from 0◦ to 90◦. The full range from
0◦ to 360◦ is produced by inverting the inputs, as shown in Fig. 2, giving four quarters
of 90◦ each. The output is also of a CML type and is produced by the weighted current
summation of two currents, based on the topology shown in Fig. 1. Two groups of
differential pairs are connected on the same output, terminated by resistors RL . Each
group is an array of the same differential pairs with switches connected on their
outputs. The differential pair is the PI unit cell and is controlled by Ictl control signal
that enables or disables the output current resulting to the total weighted current. In
Fig. 1, the total capacitance CL connected at the output is depicted by dashed lines.
This is the total capacitance including all the parasitic effects and has a significant
contribution to phase interpolator operation.

The digitally controlled weighted output current is given by,

Iout(t) = nIout1 + (N − n)Iout2, n = N : 0 (1)

where the two currents Iout1 and Iout2 have phase difference 90◦. N and n are integers,
and the intermediate phases generated by the phase interpolator is N + 1 resulting to
N phase steps. In (1), both currents have the same amplitude Ip.

The weight of currents Iout1 and Iout2 is controlled by enabling or disabling the
corresponding number of PI unit cells, through the ports Ictl depicted in Fig. 1. A PI
controller produces the corresponding signals every time an up/down step is required.
Its most simplified version is a thermometer coder which enables or disables only one
unit cell each time to increase or decrease the phase step.
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Fig. 3 PI a input, b ideal output, c real output and d improved output

Amore careful view on (1) shows some potential problems. Assuming that the ideal
input signals are shown in Fig. 3a, where the phase 0◦ signal is depicted in black and
the 90◦ in red color, then according to (1), the resulted ideal current is a stepwise signal
consisting of the weighted contribution of each input, as shown in Fig. 3b. The output
voltage also takes a similar form according to the relation Vout = Iout · RL . In Fig. 3b,
a case of eight phases is shown, with the phase number 0 to correspond to phase 0◦ and
the phase number 7, depicted in red color, to phase 90◦. For a better understanding,
the phase number 1 is depicted in green color. The stepwise output in its ideal form
is not viable in the analog or digital domain, because these steps cannot be processed
by a typical following stage, in example a buffer, which requires a normal rising or
falling edge to distinguish the low from high state. However, in practice, the ideal
output is not expected to be shown in a real high-speed circuit, because of the parasitic
capacitances of the output nodes. Instead, an integral of this signal is produced, as
shown in Fig. 3c. In that case, the parasitic capacitances act beneficially at the output
nodes, creating the output in Fig. 3c, which can be exploited to create phase delays,
clearly separated from each other. For example, the phase step 1, indicated with the
green line, is now clearly separated from the previous and the next step.
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Fig. 4 Equivalent circuit of PI output

The inherent problem at PI’s output is that although the final phase steps are avail-
able, each step has a different shape, different rise and fall time and does not follow the
previous with a uniform way. Therefore, each step does not produce the equal delay.

A simplified analysis for the nonlinearity is provided in [13] which predicts an error
on the phase step, due to the exponential form of the output. In [3,4,7], it is reported
that the interpolator cells should be asymmetrically weighted, 40% for leading phase
and 60% for lagging phase, in order to place the interpolated clock phase in the middle
of two adjacent clock phases. However, this asymmetric structure is sensitive to device
mismatch, and this increases the risk of amisalignment of the interpolated phase. Thus,
interpolator cells with symmetrical structure were finally preferred in [7] to eliminate
that risk.

3 Theoretical Analysis and Improvements

The output topology of the PI in Fig. 1 can be represented by the equivalent circuit
shown in Fig. 4. For simplicity and without losing the concept, only one of the differ-
ential outputs is shown. Vout is the output voltage corresponding to the output nodes
Out, Iout1 and Iout2 are the output currents generated by the output transistors, RL is the
terminating resistor, ro is the total equivalent output resistance of the transistors in the
interpolator unit cells, and CL is the total capacitance at the output nodes, including
all the parasitic capacitances and any other capacitive load charging the output nodes.
After a routine analysis, it can be found that the differential equation of the circuit can
be given as,

RLCL
dVout
dt

= VDD −
(
RL

ro
+ 1

)
Vout − RL (Iout1 + Iout2) (2)

As RL << ro, it is
RL
ro

+ 1 ∼= 1. Then, this first-order linear constant-coefficient
ordinary differential equation (LCCODE) can be given as,

RLCL
dVout
dt

+ Vout = VDD − RL (Iout1 + Iout2) (3)

The homogeneous solution can be found by setting the right side to zero. The solution
in (3) is given by setting,
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Vout (t) = Ae−t/τ (4)

where A is a constant and τ = RLCL is the time constant. To resolve for the total
response, the undetermined coefficient can be a function of time as,

Vout(t) = A (t) e−t/τ (5)

Substituting (5) into the differential Eq. (3) results in

τ

[
A′(t)e−t/τ − 1

τ
A(t)e−t/τ

]
+ A(t)e−t/τ = VDD − RL(Iout1 + Iout2) (6)

From (6), it can be easily found that

A(t) = 1

τ

∫ t

x=0

[
ex/τ (VDD − RL (Iout)) dx

] + VDD (7)

The last term VDD in (6) is an initial condition assuming that the capacitor CL is
charged on that voltage for t = 0, according to Fig. 4.

Finally, substituting (7) into (5) results in the solution of the differential equation,

Vout (t) = 1

τ
e−t/τ ·

∫ t

x=0

[
ex/τ (VDD − RL (Iout)) dx

] + VDDe
−t/τ (8)

Also, Iout is the summation of the drain currents of the output transistors shown in
Fig. 1.

Iout = Iout1 + Iout2 (9)

The output currents in their ideal form can be described from weighted pulses. If N is
the total number of phases from 0 phase to 90◦ phase and n is the specific phase, then
Iout1 and Iout2 can be given by the following expressions,

Iout1 = ((N−1)−n)
N−1 I p

[
u (t − 0) − u

(
t − T

2

)]
, n = 0, 1, 2, . . . N − 1

Iout2 = n
N−1 I p

[
u

(
t − T

4

) − u
(
t − 3T

4

)]
, n = 0, 1, 2, . . . N − 1

}
(10)

where Ip is the amplitude of currents Iout1 and Iouts2, according to (1).
In frequency domain, the transfer function corresponds to a first-order lowpass

filter,

H(s) = 1

τ s + 1
(11)

where τ is the time constant. If τ takes a low value, for example 0.2, then the output
is of the form as shown in Fig. 3c, which is similar to the expected real circuit.

A way for improving the shape of the output signal is to make the edges even
smoother by taking the integral of that output. This can improve the linearity of rise
and fall edges, resulting in an improved step linearity. Enlarging the time constant τ ,
for example by five times, then the output takes the form of Fig. 3d, which shows an
improved shape with less edges comparing with that of Fig. 3c. The change of the time
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constant τ is easily realized, in a real circuit, by simply adding an extra capacitor on
the output nodes. The drawback here is that, although a high capacitor improves the
linearity, the output swing is reduced significantly, because the output node operates
obeying the lowpass transfer function, as defined in (11). Therefore, there is a trade-
off between the time constant and voltage swing. The exact value of the additional
capacitor is not critical; however, a suitable value can be found by the time constant
τ defined at the output node. If τo corresponds to the operating frequency ωo of the
phase interpolator, then τo = 1/ωo and the suitable value for the total capacitance CL

is found by setting τ = 2τo, which is a good compromise between linearity and output
swing,

CL = 2

RLωo
(12)

In (12), CL is the total value, including the additional capacitor and the parasitic
capacitive load. Therefore, the final calculation of the additional capacitor can be
found by taking into account the parasitic elements which can be found accurately
after the layout extraction. Nevertheless, the additional capacitor is the dominant term
in this procedure.

However, even after that method, the linearity is still not greatly improved. A rel-
atively easy procedure to improve the linearity even more is to create a higher step
resolution and to keep the best eight steps among them for phases from 0◦ to 90◦.
Designing a PI with the number of steps multiplied by 4 (32 steps) for 0◦ to 90◦, by
equally divided currents which produce again nonlinear steps, is a relatively straight
forward procedure. The selection of the 8 steps among the 32 steps, not necessarily
in equally increasing sequence, can give steps with approximated linear relation. The
final 8 steps are selected with an order suitable to produce equally shifted steps.

The exact, increased resolution is decided by the step error requirement. Each
unit cell shown in Fig. 1 splits k times into sub-unit cells. In this design, k was set
equal to 4 to comply with the step error specifications, resulting to 32 steps in total
for 0 to 90◦. All the transistors of the sub-unit cell have k times smaller width than
the corresponding transistors of the unit cell and also are biased by k times smaller
current. So, after the split, there are employed totally (k × N ) sub-unit cells meaning
that the controller must control (k × N ) devices. Except this controller overhead, the
total design is same in terms of layout dimensions and power consumption, because
there are k times more cells which, however, are k times smaller in layout and current
dissipation. The important point is that the phase interpolator finally dissipates the
same current after the cells splitting, keeping the same performance. The controller,
however, must bemodified because as explained previously, it is programmed to select
groups of sub-unit cells resulting to the best Nsteps among the totally available k× N
steps in the high-resolution topology. Each group contains different number of sub-
unit cells depending on the compensation which is required. If no compensation is
required for a specific step, then the group contains k sub-unit cells otherwise contains
less or greater number than k. Finally, the new controller is again a thermometer coder,
but modified in order to enable/disable more than one sub-unit cells at every up/down
step coming from a finite state machine (FSM). In the following section, simulation
results are provided for the high-resolution phase interpolator which selects the best
low-resolution steps.
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Fig. 5 a Glitch and b correction
during step change

4 Simulations Results

The analog PI has been designed in a 65nm CMOS technology, and post-layout sim-
ulation results are provided to verify the proposed interpolation method. The supply
voltage was 1.2V, and standard threshold voltage transistors (SVT) were employed.
In our system, an 8-step PI was required for the intermediate phases from 0◦ to 90◦
at a frequency of 2.5GHz. The full-cycle phase steps from 0◦ to 360◦ is realized by
changing the inputs with their opposite signals.

Three issues were to be dealt efficiently in this topology where their combination
creates a challenging design: the relatively low supply voltage of 1.2V in a high-speed
circuit, the common mode variations and the glitches during the phase step. The low
supply voltage does not allow the cascade connection from rail to rail of a large number
of SVT. Therefore, the use of PMOS transistors as active load [11] was not followed
in this design. Thus, passive terminating resistors were employed which, however,
cannot control effectively the common mode variations. The main advantage of using
PMOS transistors is the commonmode compensation. Both the commonmode and the
output amplitude are significantly varied by step to step alteration. The reason is that
each step drives different current from the two weighted, 90◦ phase-shifted outputs,
and there is not a uniform current drive from step to step. The solution for the common
mode variations is the output to be sensed sufficiently by a suitable next stage buffer.

The timing of the PI controller also is important to avoid glitches of PI output. The
controller is clocked by a system clock, and if special care is not taken, it is certain
that some of the step switching will occur exactly during the rise or fall edge, as the
steps make a full cycle from 0◦ to 360◦. The result, in such a case, is a glitch during
the edges [3], as shown in Fig. 5a. It is important to avoid this effect as it gives an
uncertain logic value. The glitch can be avoided if the switching takes place always
in the middle of the pulse, as shown in Fig. 5b, where there is no side effect in the
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Fig. 6 Step configuration a uncompensated 8 steps, b uncompensated 32 steps and c compensated 8 steps

operation. To ensure this, the output clock from the PI can be used to synchronize the
PI control bits, as shown in Fig. 2.

The simulated steps of the PI are shown in Fig. 6a. The initial uncompensated steps
are indicated with the circled marks. After adding the extra capacitor, the steps are
improved, as shown in Fig. 6a with the square marks. Although there is an improve-
ment, still some steps have a significant distance from their ideal delays. Then, the PI
is modified to give extra resolution from 8 to 32 steps for phases from 0◦ to 90◦. These
all steps are shown in Fig. 6b. Among them, only 8 are required and the best of them
are selected for the final delays, as shown in Fig. 6c. Thus, the linearity is significantly
improved, and the final step error is minimized. For example, selecting the bits 0, 4,
8, 11, 14, etc., instead of the bits 0, 4, 8, 12, 16, etc., we take the linear phase shifting
as shown in Fig. 6c. The steps without and with the proposed technique, for a full
cycle of 360◦, is shown in Fig. 7a, b, respectively. The time responses of the 8 steps
for delays from 0◦ to 90◦ are shown in Fig. 8.

The typical step of the PI is equal to 12.5ps. From Fig. 9, the maximum phase
nonlinearity error of the uncompensated PI with capacitor is 0.72 LSB (9ps), while of
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Fig. 7 Step linearity improvement for 360◦ a uncompensated 128 steps, b compensated 32 steps

the compensated PI is less than 0.12 LSB (1.5ps). Monte Carlo simulations performed
to estimate the sensitivity on mismatches and device variations. A single typical step
was simulated for 100 runs with random mismatches and variations, following the
Gaussian distribution in the range of the mean value of +4 sigma. The expected typical
step values were 12.5ps, and are in agreement with the results shown in Fig. 10, where
the mean value was 12.56ps and the standard deviation σ was 0.35ps.

The phase noise of the phase interpolator must be kept low in order to minimize its
contribution to the total noise budget of the system. The phase noise was simulated
setting the phase interpolator at a locked, constant phase number for each measure-
ment. Totally, several steps were simulated to find the phase noise level which was
found equal to −135dBc/Hz at 1MHz for typical operation conditions. Corner sim-
ulation results, presented in Table 1, show that the phase noise kept low in all cases
for slow–slow and fast–fast technology parameters, from −40 to 125◦C temperature
variations and from 1.08 to 1.32V voltage supply. The worst case for the phase noise
is −131dBc/Hz at fast–fast 1.08V voltage supply and 125◦C temperature.
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Fig. 8 0◦–90◦ steps of the PI

Fig. 9 Step error of phase interpolator

The performance of the PI is summarized in Table 2, and in Fig. 11, the layout
is depicted, with some supporting cells. The supporting cells include input CML
multiplexers, buffers and CML-to-CMOS conversion cells. Also, the extra capacitors
used to improve linearity are shown in this figure. The die area of the core of the PI
is 145µm × 35µm, while the total area with the supporting cells, like buffers and
CML-to-CMOS converters, is 295µm × 95µm.

A comparison of the performance of the proposed design with other phase inter-
polators is presented in Table 3. This table includes only papers which give details
about the phase interpolator and not refer to it just as a simple operating block in a
bigger system. In Table 3, it is presented the typical step, and in the last column, it is
presented the error in ps and the relative error comparing with the typical value. The
phase interpolator in [3,11] runs at low speed, and therefore, the control is easy. In
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Fig. 10 Monte carlo results of the step variations

Table 1 Phase noise in several corners

Technology variation Voltage supply (V) Temp. (◦C) Phase noise @ 1MHz

Typical 1.2 27 −135.7

Fast–fast 1.08 −40 −135.5

Fast–fast 1.08 125 −131

Fast–fast 1.32 −40 −136.4

Fast–fast 1.32 125 −132.5

Slow–slow 1.08 −40 −136.5

Slow–slow 1.08 125 −133.9

Slow–slow 1.32 −40 −137.3

Slow–slow 1.32 125 −135.2

Table 2 Performance of PI
Parameter Value

VDD (V) 1.2

Tech. (nm) 65

Power (mW) 10

Clock (GHz) 2.5

Typical step (ps) 12.5

Step error of a typical step (ps) <1

Area (µm × µm) 145 × 35

[11], several proposed methods improve the phase linearity, which initially was very
low. However, this is a first attempt to create phase interpolation by an accurate way.
In [3], although a high-resolution interpolator is proposed, no information is given
about the error in linearity. High-resolution interpolator is proposed in [7]. Because
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of the high resolution, the absolute step error is improved, but the relative error takes
values up to 25%. Moreover, high resolution is achieved by feeding the interpolator
with clocks that have phase difference 30◦, needing extra input clock phases, extra cir-
cuits and additional control. Also, in [12], a high-resolution topology is utilized with
additional feedback control of the linearity, showing small nonlinearity error taken
by spice simulations and worst-case timing variation 8ps due to 50-mV VDD step.
A phase interpolator at 10GHz is presented in [2], but no information about the step
error is provided. In [8], a 0.5V phase interpolator is proposed based on controlling
the slew rate of the output, through controllable inverters. However, this operates at
low speed, probably due to the low supply voltage and needs multiphase oscillator. A
high-frequency phase interpolator which tested at 4 and 6GHz is referenced in [1]. It
exhibits an improved performance at 6GHz that is significantly reduced at 4GHz, and
therefore, it must be optimized for each frequency clock. The step resolution, however,
is only 30◦ which offers simplicity in terms of design and operation, but on the other
hand, this may be too low for many SerDes systems. In [6], a 5GHz phase interpolator
with high resolution and 27% worst step error are reported, and a phase interpolator
operating at 1GHz is given in [9]. Other references are not placed in the table because
they operate in low speed, which is out the scope of this work or they use the phase
interpolator as a block without giving specific information about its implementation
[5].With regard to Table 3, the proposed phase interpolator shows a good performance
for high-speed clock and improved relative linearity. If required, it could be further
improved by using a higher resolution step.

5 Conclusions

A design technique for improving the linearity of analog phase interpolators is pre-
sented in this paper. The technique focuses on two main actions: One is by setting
suitable integration of the output signal and second is by creating higher step resolu-
tion. The phase interpolator operating at 2.5GHz with a 1.2V voltage supply has been
designed using a 65nm CMOS technology. The phase error is less than 1ps, and the
phase noise is −135dBc/Hz.
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