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Abstract— In this paper, a quadrature signal corrector
(QSC) with high accuracy and fast correction for memory
interfaces is presented. An adaptive delay gain controller in the
QSC adjusts each delay gain of four digitally controlled delay
lines (DCDLs) separately depending on skew between the
quadrature clocks, resulting in short correction time together
with low residual skew. To validate the effectiveness of our
QSC in memory interfaces, a quarter-rate single-ended 1-tap
decision feedback equalizer (DFE) with the QSC was
fabricated in a 65nm CMOS process. Using the adaptive delay
gain controller, the QSC reduced the skew between the 3 GHz
quadrature clocks from a maximum of 21.2 ps to 0.8 ps while
correction time was reduced by a factor of 3.9 compared to
that without using the adaptive delay gain controller. At 12
Gb/s, the DFE using our QSC achieved a BER of 1072 with an
eye width of 140 mUI when the input clock skew is 13.2 ps.

Keywords—quadrature signal corrector, adaptive delay gain
controller, quarter data rate (QDR), memory interface

I. INTRODUCTION

As the amount of data handled in memory increases, the
memory interface is evolving to allow high-speed operation
with high energy efficiency [1,2]. With this trend, increasing
data-rate and clock frequency is required but this is limited
by low-performance DRAM process [3]. Quarter-rate design
has been implemented in recent memory interfaces to
increase data-rate while achieving a more relaxed timing
margin and lower power consumption than half-rate design
[4,5].

For quarter-rate operation in the memory interface,
quadrature clocks are generated by dividing high-speed
differential clocks [4-6]. Skew between the quadrature clocks
at the destination is introduced due to noise, mismatch and
process, voltage, and temperature (PVT) variation of the
clock distribution. Therefore, a skew correction circuit must
be utilized in memory interfaces to improve signal integrity

[5].

Although high-resolution skew correction allows for an
enhanced timing window for data sampling, a trade-off exists
between resolution and correction time. High resolution of
delay units is needed for low residual skew [7], but it can
increase correction time. Short correction time is required
since DRAM remains on standby until the clocks are aligned
during the initialization and power down exit states [2,7].
Therefore, a quadrature signal corrector (QSC) must be
designed while considering both high-resolution skew

correction and short correction time for optimal system
performance.

Multiphase delay locked loops (MDLLs) were previously
used to correct skew in quadrature clock signals [8,9].
Although correction time is short due to the parallel
operation of multiple delay units, circuit mismatch can
reduce the correction accuracy [5]. To solve this mismatch
issue, a QSC implementing a single shared loop [5] was
proposed. Although correction accuracy is greatly enhanced
using high-resolution digitally controlled delay lines
(DCDLs), the correction time is greatly increased. [10] and
[11] introduced a loop using successive approximation
registers (SARs) to improve correction time; but [10]
requires additional duty-cycle correction and [11] still has a
long correction time.

In this paper, we propose a QSC using an adaptive delay
gain controller to achieve high-resolution skew correction
and short correction time simultaneously. After the initial
setting of delay gains, which means the amount of the
change of delay codes to be controlled by the adaptive delay
gain controller, the QSC starts the skew correction process.
During this operation, when the clock skew becomes smaller
than the product of the delay gain and the resolution of the
DCDL, the adaptive delay gain controller reduces the delay
gain. That is, large delay gains are initially used for fast
correction, and smaller delay gains are subsequently adapted
for high-resolution skew correction, achieving the short
correction time and low residual skew. To verify the
effectiveness of our QSC for memory interfaces, a prototype
chip with a quarter-rate single-ended 1-tap decision feedback
equalizer (DFE) with the QSC was fabricated and the
performance improvement was verified.

Il. ARCHITECTURE

Fig. 1 shows the block diagram of the QSC. The QSC has
four DCDLs (DCDL,, DCDLqg, DCDL;g, DCDLgg) to
modify the timing of the quadrature clocks, a 4:2 MUX to
select two adjacent clocks, two DCDLs (DCDL; and
DCDLy), a bang-bang phase detector (BBPD), and a loop
filter. The BBPD checks if the time difference between the
two clocks is equal to the delay difference between DCDL;
and DCDL,. The loop filter consists of a loop controller that
selects two clocks for comparison and calculates the codes
for DCDLq, DCDL;s, DCDLgg, and DCDL; (CODEq,
CODEg, CODEgg, and CODE;, respectively), and an
adaptive delay gain controller that determines the delay gains
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Fig. 1. Block diagram of proposed quadrature signal corrector.
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Fig. 3. Circuit and timing diagram to obtain Atp from Atgg,.

QBour s

—
Masy
or e
o2

of the DCDLs for calculating the codes. The delay gain is the
amount of the change of delay code that the adaptive delay
gain controller adjusts. Depending on the initial skew, the
system can set the initial delay gains of each DCDL. The
code of DCDL, (CODE)) can be set to control the entire
delay of the quadrature clocks.

Fig. 2 shows timing diagrams of quadrature clocks with
skew and without skew. At q, Atg,s, Atis.gs and Atgg, are the
intervals between lout and Qour, Qout and IBour, 1Bout and
QBour, and QBout and lour, respectively. If the intervals are
not all equal, as shown in Fig. 2(a), at least one interval is
different from Atgg,. If the intervals are equal as shown in
Fig. 2(b), there is no skew between the quadrature clocks.
The QSC can determine whether skew between the clocks by
comparing Atggs, and other intervals.

To compare Atgg, with other intervals, the QSC needs to
obtain Atgg,, which is illustrated in Fig. 3. tp1 and tp, are the
delays of DCDL; and DCDL,, respectively. CLKgs and
CLK;, pass through DCDL; and DCDL,. If the timing of
CLK; (i.e t1) and CLK; (i.e t;) are equal, the difference
between tp; and tpy (i.e Atp) is equal to Atgg. According to
the output of the BBPD, the loop controller calculates
CODE; with a unit of the delay gain of DCDL; to get Atp
closer to Atgg,.

When the QSC begins the operation, the loop controller
selects QBour and lout to adjust Atp. Next, the loop
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Fig. 4. (a) Block diagram of loop filter with adaptive delay gain controller
and (b) example operation of loop filter.
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controller selects lour and Qout to compare Atiq with Atp.
Based on this result, the loop controller updates CODEq with
a unit of the delay gain for DCDLg so that At o approaches
Atp. Afterward, the same operations are performed for
CODEg and CODEgg with the corresponding delay gains.
Since CODEgg is updated, Atggs, is also changed, and the
QSC repeats the processes by updating Atp. As the
operations are repeated, since Atp follows Atgg,, if At g,
Atgs, and Atgos are equal to Atp, the skew has been
corrected.

I11. LOOP FILTER WITH ADAPTIVE DELAY GAIN CONTROLLER

Fig. 4(a) shows the loop filter of the QSC, which includes
a loop controller and an adaptive delay gain controller. The
loop controller consists of an adder, register set; and register
sety to store the code of each DCDL and the previous outputs
of the phase detector, and a timing controller (T-CON) which
selects pairs of clock signals for comparison. The adaptive
delay gain controller has four shift registers for adjusting the
delay gains of DCDLg, DCDLg, DCDLgg, and DCDL; (Gg,
Gie, Gos and G, respectively), and logic gates for
determining whether to change the delay gains, and a lock
detector.

Fig. 4(b) illustrates the operation of the loop filter, using
an example in which Atq is modified. The loop filter
initiates the modification of CODEq and Gq by asserting
SEL signal. The initial delay gains, including Gg, are set at
the first iteration. The current output of the phase detector
(PDour,1,0), which is the result of the comparison of current
At with Atp, is compared with its previous value
(PDerev,1,0), Which was stored in the loop controller, using
the XOR gate. If PDour,i,0 is not equal to PDprev,1,9, Which
means that the difference between Atiq and Atp is less than
the product of Go and the resolution of DCDLg, the shift
register decrements Ggq; otherwise, Gq is retained. The loop
controller updates CODEqg to get Atig closer to Atp by
adding or subtracting Gq to the previous CODEg. Since the
amounts of the skew between the clocks are not equal, the
adaptive delay gain controller and the loop controller
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Fig. 6. Block diagram of prototype chip.

perform the same processes for the Gig, Ggs, Gi, and
CODEg, CODEgg, CODE; individually to cut down the
correction time for each clock. By repeating these operations,
the QSC can quickly bring the intervals between the
quadrature clocks closer to the value of Atp at the beginning
of the operation while also bringing Atp closer to T/4,
reducing the residual skew by gradually decreasing the delay
gains. When all the delay gains reach the minimum value
(Gmin), which means that the amounts of skew are acceptably
low, the lock detector asserts a lock signal (Lock), and the
adaptive delay gain controller stops changing the delay gains.
Afterward, the QSC detects and corrects skew with the
minimum gain to cope with small skew change caused by
noise from clock distributions.

In previous studies that applied SAR algorithms to
improve correction time [10,11], each bit of the code of the
delay lines is fixed once it is determined. In the process of
determining the upper bit, if an error occurs due to factors

such as noise, it cannot be corrected in subsequent operations.

But the method proposed in this paper can correct errors
through subsequent operations even if an incorrect decision
occurs in the previous operations while simultaneously
improving correction time.

Fig. 5 shows the changes of Atig, and Atp with and
without the adaptive delay gain controller from a simulation
of the QSC correcting 3 GHz quadrature clocks with a
bandwidth of 0.3 GHz. In Fig. 5(a), the adaptive delay gain
controller initially outputs the largest delay gains (initial
delay gains). Subsequently, the adaptive delay gain controller
outputs the smaller delay gain, determined by sensing the

change in the polarity of the difference between At g and Atp.

The loop controller reduces the difference between At and
Atp, while Atp approaches T/4, 83.3 ps. As shown in Fig.
5(a) and (b), the adaptive delay gain controller enables fast
correction of the QSC.

IV. MEASUREMENT RESULTS

Fig. 6 shows the block diagram of a prototype chip,
which consists of an 1Q divider (IQ DIV), the QSC, a
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Fig. 7. Measurement setup, die photograph and layout of prototype chip.
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Fig. 8. Measured waveforms of quadrature clocks (a) before and (b) after
QSC operation.

counter, a quarter-rate single-ended 1-tap DFE, and a
reference voltage generator (Vs gen.). The 1Q divider
generates quadrature clock signals by dividing the external
clock by two. The outputs of the QSC are applied to the DFE
to substantiate the effectiveness of the QSC in memory
interfaces. A counter counts oscillations of the clock signals
until Lock is asserted to measure the correction time.

Fig. 7 shows the measurement setup, the die photograph,
and the layout of the prototype chip. A bit-error-rate (BER)
tester (Anritsu MP1800A) supplies 12 Gb/s PRBS7 data and
differential 6 GHz clock signals to the prototype chip and
measures the BER before and after the operation of the DFE
and the QSC. The channel for data transmission consists of
an SMA cable, an SMA connector, and an FR4 PCB trace.
The quadrature clocks before and after QSC operation are
observed using an oscilloscope (Tektronix MSO 73304DX).
The prototype chip was fabricated with a 65nm CMOS
process, and the active area of the QSC is 0.0274 mm?,

Fig. 8 shows the waveform of the quadrature clocks at 3
GHz before and after the QSC. The QSC was able to correct
the skew to 0.8 ps. Fig. 9(a) and (b) show 12 cases of the
skew of 3 GHz quadrature clocks before and after the
operation of QSC. The input skew from —21 ps to 14.8 ps are
all corrected to within 0.8 ps. Fig 9(c) shows the
corresponding correction times with and without the adaptive
delay gain controller, which reduced the correction time by
an average factor of 3.9. The QSC consumes a total of 6.45
mW of power at 3 GHz.

Fig. 10 shows the measured BER curves of the DFE with
and without our QSC operation in the environment with the
input skew of 13.2 ps. At 12 Gb/s PRBS7 input, the DFE
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Fig. 10. Measured BER curves of DFE with and without QSC.

without the operation of the QSC only achieves a BER of
1075. The DFE with the QSC operation achieves a BER of
10722 with an eye width of 140 mUI under the same
condition. These results show the effectiveness of the QSC in
the memory interface.

Table | compares the performance of previous skew
correctors with that of our QSC. FoM is the product of the
resolution of the delay unit and the correction time
normalized in the clock period and is an index showing how
much the trade-off between the accuracy and the correction
time has been relaxed [7].

V. CONCLUSION

We have presented a QSC with an adaptive delay gain
controller for memory interfaces. The adaptive delay gain
controller compares the amounts of the skew between the
clocks and the products of delay gains and the resolution of
the DCDLs and adjusts the delay gains. For fast correction,
the delay gains for each DCDL are individually adjusted.
Our QSC can achieve low residual skew and fast correction
using the adaptive delay gain controller, which reduces
correction time by a factor of 3.9 compared to that without
the adaptive delay gain controller. The QSC achieves a
residual skew of 0.8 ps and consumes 6.45 mW at 3 GHz.
Using the QSC, the quarter-rate single-ended DFE achieves a
BER of 10712 at 12 Gb/s, verifying the effectiveness of the
QSC in the memory interfaces.

a Figure of Merit (FoM) = resolution - (correction time / clock period)
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