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Abstract—Two 10-Gb/s inductorless clock and data recovery
(CDR) circuits using different gated digital-controlled oscillators
(GDCO) are presented. A digital frequency calibration is adopted
to save the power consumption and chip area. They have been fab-
ricated in 0.18-pm CMOS process. By using the complementary
gating technique, the first CDR circuit occupies an active area of
0.16 mm? and draws 36 mW from a 1.8 V supply. The measured
rms jitter and peak-to-peak jitter is 8.5 ps and 42.7 ps, respectively.
By using the quadrature gating technique, the second CDR circuit
consumes an active area of 0.25 mm? and its power consumption
of 56 mW. The measured rms jitter and peak-to-peak jitter is
3.4 ps and 21.8 ps, respectively. The power of the second CDR
circuit is higher than that of the first one but its jitter is reduced.

Index Terms—Clock and data recovery, digital frequency cali-
bration, gated oscillator, inductorless.

1. INTRODUCTION

HE phase-locked loop (PLL) is often used to realize the
T clock and data recovery (CDR) circuit. The PLL-based
CDR circuit has a long settling time which may not be accept-
able for some applications. For example, the passive optical net-
works (PONs) adopts the time division multiple access (TDMA)
scheme to connect many optical network units (ONUs) with an
optical line termination (OLT). The OLT has to receive the se-
quent burst-mode data from ONUs. As a result, the CDR cir-
cuit at the OLT must detect the input data within tens of bit
times and recovers the clock and data [1]. Obviously, the con-
ventional PLL-based CDR circuit is hard to settle within such a
short time. Furthermore, a large number of serializers and dese-
rializers (SerDes) are needed in high-speed data transceivers. To
exchange the multi-tens Gb/s data among several transceivers,
CDR circuits with efficient power and small area are needed.
The open-loop CDR circuit [2]-[10] may provide a good so-
lution to the above problems due to its wide bandwidth. Usually
the gated voltage-controlled oscillators (GVCOs) [2]-[10] are
widely adopted in open-loop CDR circuits, especially at higher
input data rates. Conventional GVCOs are usually controlled in
the analog approach.
They can be roughly classified into two categories. One
uses the edge detection circuit with a half bit-time delay line
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Fig. 1. Conventional GVCO-based CDR circuit with a reference PLL.

to trigger the GVCO [5], [6], [9]. The accuracy of the half
bit-time delay line affects the jitter tolerance and bit-error rate.
The other combines two GVCOs with a NOR gate [2]-[4] or
a multiplexer [7] to realize a burst-mode CDR circuit. The
complicated logic gates utilizing in these GVCOs limit the
bandwidth and consume a large power. Moreover, the active
area is increased if the passive inductors are needed [9].

For a GVCO-based CDR circuit in Fig. 1, a reference PLL
generates a control voltage Vc to adjust both the main and
replica GVCOs for the target frequency. The reference PLL
is composed of a replica GVCO, a divider, a phase-frequency
detector (PFD), and a charge pump (CP). Then, the main
GVCO recovers the clock to retime the data. The open-loop
CDR circuit in Fig. 1 works well for low-bit-rate applications,
but the power and area increase severely when the data rate
rises to several tens gigabits. It is because the two GVCOs may
need passive inductors and a lot of power to boost its bandwidth
[91, [10].

In this paper, an open-loop CDR architecture with digital
frequency calibration is presented. The gated digital-controlled
oscillator (GDCO) with a digital frequency calibration loop
(DFCL) is adopted. It saves a lot of power because no replica
GDCO is needed. Since no analog loop filter in a reference PLL
and no inductor are needed, it saves a considerable active area.
Two CDR circuits using the complementary gating technique
and quadrature gating technique are realized. The GDCO using
the quadrature gating technique reduces the jitter.

This paper is organized as follows. Section II introduces
the two proposed GDCOs and their working principles. The
proposed open-loop CDR circuit and its design considerations
are given in Section III. The experimental results are given in
Section IV and the conclusions are given in Section V.
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Fig. 2. (a) The first GDCO using the complementary gating technique. (b) The
waveforms when the clocks lag the data. (c) The waveforms when the clocks
lead the data. (d) The waveforms when the clocks lock with the data.

II. GATED DIGITAL-CONTROLLED OSCILLATORS

In this section, two inductorless half-rate GDCOs are intro-
duced. The first one uses the complementary gating technique,
which is modified from [10]. The second one uses the quadra-
ture gating technique to improve the output jitter further.
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A. The GDCO Using the Complementary Gating Technique

In Fig. 2(a), the first GDCO is composed of three gated
multiplexers, M1-M3, and a 4-bit digital-controlled buffer.
When the input data is high, the multiplexers, M1 and M2,
and the 4-bit digital-controlled buffer form an oscillator. The
multiplexer, M3, outputs the clock B, which is the complement
of the clock A. When the input data is low, the multiplexers,
MI and M3, and the 4-bit digital-controlled buffer form an-
other oscillator. The multiplexer, M2, outputs the clock A.
Once the input data changes, the clock A or B tracks the data.
Fig. 2(b)—(d) illustrates how the proposed GDCO adjusts its
output phase when the clocks lag, lead, and lock with the
data, respectively. In Fig. 2(b), when the clocks lag the data,
the clocks A and B change their polarity before the threshold
voltage. It is equivalent to speed up the clock C to compensate
the lagged phase. Similarly, in Fig. 2(c), when the clocks lead
the data, the clocks A and B change after the threshold voltage
to correct the phase. It is equivalent to slow down the clock C
to compensate the leading phase. When the CDR circuit locks
with the input data, the timing diagram is shown in Fig. 2(d).
In a conventional GVCO-based CDR circuit [2]-[7], a GVCO
starts to oscillate when the input data is high and stops to be
latched when the input data is low. Serious amplitude variation
happens if the output is latched to the supply voltage or ground.
It also slows down the speed of the oscillators. For the proposed
GDCO in Fig. 2(a), the oscillating waveforms are never latched.
Thus, the amplitude variation is reduced and the bandwidth
requirement of the gated multiplexers is also relaxed.

The building blocks for the proposed GDCO are shown in
Fig. 3. The data-gated multiplexer M1 is realized by the cur-
rent-mode logics (CMLs). The data-gated multiplexers, M2 and
M3, are similar to M1, except that an additional cross-coupled
pair is added. The inputs, Data\pm, in M1-M3 are used to se-
lect one of two differential inputs, inl\pm and in2\pm, respec-
tively. The tail current source is also used to suppress the power
supply noise. The reason why a cross-coupled pair is added is
illustrated in Fig. 4. Because two inputs of the multiplexers, M2
and M3, are complement, the condition they encounter the data
transitions can be simplified as the differential pairs with dis-
continued inputs. As shown in Fig. 4, since Q1 experiences a
higher voltage level than Q2, Q1 has a larger transconductance
than Q2. It results in the amplitude unbalance for out+ and out-;
thus, the output jitter will be power supply noise. The reason
why a cross-coupled pair is added is illustrated in Fig. 4. Be-
cause two inputs of the multiplexers, M2 and M3, are comple-
ment, the condition they encounter the data transitions can be
simplified as the differential pairs with discontinued inputs. As
shown in Fig. 4, since Q1 experiences a higher voltage level
than Q2, QI has a larger transconductance than Q2. It results in
the amplitude unbalance for out+ and out-; thus, the output jitter
will be increased. If a cross-coupled pair (Q3 and Q4) is added, it
makes the outputs more balanced as shown in Fig. 4. To improve
the frequency accuracy of the GDCO, a 4-bit digital-controlled
buffer is used and it’s shown in Fig. 3 as well. Based on simula-
tion results, this 4-bit digital-controlled buffer ensures a tuning
range of 600 MHz around 5 GHz with a monotonic frequency
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Fig. 4. Cross-coupled pair added to balance the output amplitudes.

step no more than 60 MHz. The reason why such a frequency
step is chosen will be explained in the following section.

For a conventional GVCO [2], [3], [9], the edge detecting
circuit and complex logic circuits, such as NAND or NOR gates,
are needed. However, the bandwidth of CML NAND or CML
NOR gates is much slower than that of CML multiplexers. It
is because the parasitic capacitance of CML NAND or CML
NOR gates increases due to the cascode or parallel transistors.
As shown in Fig. 3, the building blocks of the proposed GDCO
are realized by CML multiplexers and CML differential pairs. It
relaxes the bandwidth requirements for the high-speed GDCO.

B. The GDCO Using the Quadrature Gating Technique

The GDCO introduced in the previous section works well
for a half-rate 10-Gb/s CDR circuit. However, its jitter perfor-
mance can be improved further. As illustrated in Fig. 2(a)—(d),
the previous GDCO selects the complementary signals from the
multiplexers, M1-M3. It makes the GDCO always be disturbed
at zero crossings once the data transitions occur. It results in a
larger jitter performance.

To solve this problem, a modified GDCO using the quadra-
ture gating technique is shown in Fig. 5(a). For the GDCO
in Fig. 5(a), the data-gated multiplexers, M1-M3, are used,
but the extra digital-controlled multiplexers, M4-M7, are
inserted to generate the quadrature signals. This GDCO is
gated by selecting the quadrature signals from the inputs of
the multiplexers, M2 and M3. When the input data is high, the
multiplexers, M1, M2, M4, and M5, form an oscillator. M6
and M7 are added to generate the replica quadrature signals.

Fi

w/i cross-cbupled pair

Besides, M3 outputs the clock B, which is approximately de-
layed by 90° from the clock A. Note that the quadrature signals
can be realized from M1, but it introduces too much loading on
M1’s outputs. On the other hand, when the input data is low,
the multiplexers, M1, M3, M4, and M5, form an oscillator and
M2 outputs the clock A, which is also approximately delayed
by 90° from the clock B. Once the input data changes, the clock
A or B tracks the data. Fig. 5(b)—(d) illustrates how the second
GDCO adjusts its output phase when the clocks lag, lead, and
lock with the data, respectively. As shown in Fig. 5(b), when
the clocks lag the data, the clock A changes at a lower voltage
than the threshold voltage. It slows the clock C down more
rapidly. It is equivalent to speed up the clock to compensate the
lagged phase. Similarly, in Fig. 5(c), when the clocks lead the
data, the clock A changes at a higher voltage than the threshold
voltage so as to correct the phase. When the CDR circuit locks
with the input data, the timing diagram is shown in Fig. 5(d).
For the GDCO in Fig. 5(a), the oscillating waveforms are never
latched, too. Thus, the inter-symbol interference (ISI) due to
the amplitude variations is improved.

The building blocks of the second GDCO are plotted in Fig 6.
The multiplexers, M1-M3, are implemented with the CML cir-
cuits and cross-coupled pairs are added to balance the ampli-
tude. The multiplexers, M4-M7, are realized by CMLs with
4-bit digital tuning. To operate at 5 GHz, the frequency tuning is
only applied to the multiplexers M4-M7 in order to maximize
the bandwidth of the GDCO. The multiplexers M4—-M7 also re-
alize a tuning range of 600 MHz around 5 GHz with a mono-
tonic frequency step no more than 60 MHz. From Fig. 5(d), the

Authorized licensed use limited to: National Taiwan University. Downloaded on February 27, 2009 at 03:41 from IEEE Xplore. Restrictions apply.



LIANG et al.: 10 Gb/s INDUCTORLESS CDRs WITH DIGITAL FREQUENCY CALIBRATION

4 bits 4 bits

(b)
pata 0,0 0 of[1]o[171
|
c : U/ .
o e . N
eu;lngN / — ‘/\ W:n phase
oY l

Data 0 0 O Of1]0]1 1

Fig. 5. (a) The second GDCO using the quadrature gating technique. (b) The
waveforms when the clocks lag the data. (c) The waveforms when the clocks
lead the data. (d) The waveforms when the clocks lock with the data.

second proposed GDCO selects the quadrature signals from the
inputs of the multiplexers. The output waveform of the GDCO
is only disturbed at its highest or lowest position, which is less
sensitive to noise.

To evaluate these effects, the following simulation results are
given. The first proposed GDCO is simulated with a 10-Gb/s
27 — 1 jitter-free data with 30% transition time. The simulated
eye diagram of the recovered data is shown in Fig. 7(a). The
resulting peak-to-peak jitter is 0.06 UL The second GDCO is
also simulated with the same input data. The simulated eye dia-
gram of the recovered data is shown in Fig. 7(b). The resulting
peak-to-peak jitter is 0.03 UL, which is only 50% of the first one.
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III. PROPOSED OPEN-LOOP CDR ARCHITECTURE

A. The Open-Loop CDR Circuit With Digital Frequency
Calibration

The proposed open-loop CDR architecture using the GDCOs
is shown in Fig. 8. It has two operation modes; one is the fre-
quency calibration mode and the other is the data-recovering
mode. The proposed CDR circuit is composed of a 4-bit dig-
ital-controlled GDCO, a DFCL and the D-flip-flops (DFFs).
Initially, the CDR circuit operates in the frequency calibration
mode. In this mode, the GDCO is connected to a reference
voltage, Vrgr, and it behaves like a traditional digital-con-
trolled oscillator. Meanwhile, the de-multiplexing DFFs, DFF3
and DFF4, are turned off to alleviate the loading on GDCQO’s
output. Then the frequency of the GDCO is divided by 8 to
compare with a reference clock of 625 MHz by a conventional
frequency detector (FD). The frequency calibration procedure
is realized by a 4-bit successive approximation register-con-
trolled (SAR) controller. The clock for this SAR controller is
1.22 MHz, where the reference clock of 625 MHz is divided
by 512. The frequency calibration mode is accomplished within
4 us. Once the frequency calibration mode is completed, all
the digital blocks in the DFCL are turned off except for the
output digital codes of the SAR controller. It minimizes the dig-
ital noise and power consumption. Then, this CDR circuit oper-
ates in the data-recovering mode. Then, the GDCO is connected
to input data. The de-multiplexers DFFs, DFF3 and DFF4, are
turned on to recover the input data into two 5-Gb/s data streams.
Note that four DFFs, DFF1-DFF4, are realized by the CMLs, so
the output loading for the GDCO is maintained for both opera-
tion modes. In these two prototype chips, the operation modes
are switched manually.

In Fig. 8, the GDCO is interrupted if the DFCL works. To
track automatically the fluctuations of the temperature and
power supply on a chip, this architecture can be modified
slightly with an additional dummy GDCO as shown in Fig. 9.
In Fig. 9, the DFCL is used to reduce the offset frequency be-
tween the GDCO and dummy one without interrupting the main
GVCO. However, the offset frequency between the GDCO and
dummy one still exists. The appropriate layout is used to reduce
this effect. A dummy GDCO is inserted to refresh the digital
control codes periodically. Note that the power consumption is
not increased much because the DFCL need not to be turned
on continuously. The chip area is not increased too much,
because the GDCOs do not need the passive inductors. Assume
the power consumptions of the GDCO and data-recovering
DFFs as Papco_prr and that of the DFCL as Pprcr. Also let
DFCL’s refreshing cycle as Tiefresh and the DFCL takes Tt
to accomplish the frequency calibration procedures. Then the
total power consumption, P, can be written as

Tcal
Trefres h

Piotal = Papco_prr + Ppre - (1

Because the DFCL takes 7,1 = 4 us to accomplish the fre-
quency calibration procedures, the power consumption of the
DFCL, PppcL, can be reduced greatly by choose a moderate
refreshing period. For example, if the refreshing rate is 10 kHz
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Fig. 6. Building blocks for the second GDCO.
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Fig. 7. (a) Simulated recovered data for the first GDCO. (b) Simulated recov-
ered data for the second GDCO.

(i.e., Trofresh = 100 us), the power consumption of the DFCL
can be reduced by 96%.
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Fig. 8. Proposed open-loop CDR architecture.

B. The Tolerable Frequency Deviating Range for the GDCO

In Section II, two GDCOs have a tuning range of 600 MHz
around 5 GHz with a monotonic frequency step no more than
60 MHz. As a result, we should decide if the frequency step of
60 MHz suffices for error-free data recovering even facing sam-
pling offset and input data with modulated jitter. Considering
the DFF may have the sampling error at the vicinity of data tran-
sitions, all the sampling non-idealities, such as the data transi-
tion time and sampling offset, are represented as K - T, (0 <
K < 1) fora 2" — 1 PRBS input data and a half-rate sampling
clock, where T}, is the bit time. Assume that the GDCO itself cor-
rects the phase error once experiencing any data transition. As
illustrated in Fig. 10, if the period of the GDCO, Ty, is slightly
longer than two bit times, the sampling edge will deviate from
the ideal sampling point and cause incorrect sampling when the
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length of consecutive identical digits (CID) is too long. The de-
viated sampling time in each bit time, Tey_pit, 1S given as

Tck
2

Tdev_bit = —Ty. 2)

Furthermore, at the end of CID, the maximum allowable de-
viated sampling time, Tgev_max, 1S given as

1-K
Tliev_max = (T) . Tb~ (3)

For a 2%V — 1 PRBS data with maximum N CID and a correct

sampling, the accumulative deviated sampling time at the end
of CID, T4ev_accum, sShould satisfy the following equation:

Tdov_accum = (N - 1) : Tdov_bit < Tdcv_ max- (4)
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Fig. 11. Calculated tolerable frequency offset.

Substituting (2) and (3) into (4), the upper bound for the pe-
riod of the GDCO is

(1-K)-T,

T < 2T,
k < 21 + N_1

)
The condition that the period of the GDCO, T, is slightly

shorter than the input bit time can be derived in the same

manner. Thus, the allowable period of the GDCO is given as

(1-K) 1T

b 1-K)-T,
< To < 27T, -
N_1 Sdek £ 21 +

21T, —
b N —1

(6)

The above analysis is done with the jitter free assumption and
may be too optimistic. Actually, the jitter with different modu-
lation frequency may deteriorate the maximum allowable de-
viating sampling time, T4ev_max, in (3). Usually the jitter tol-
erance mask specifies the amount of jitter (in Ulpp), which a
system should tolerate at a certain modulation frequency. Here
we take the jitter tolerance mask of OC-192 for design consider-
ation. Let the data phase at the start of CIDs and the end of CIDs
be Pgpare and Pgiqp, respectively. Since the data transition oc-
curs at a discrete time, they are expressed as

Dpart = Ay, cosw(mTy) @)
Dsiop = A cosw(m — N)Ty, 8)

where A,, is the amplitude of the jitter modulation (in Ul), w is
the jitter modulation frequency of the input data (in rad/second),
and m is the time index. The maximum allowable deviated sam-
pling time, Tyeyv_max, in (3) is redefined as

(1—2K)'Tb

— |Ap cosw(mTy) — Ay cosw(m — N)Ty| - Ty, (9)

Tdev_max =
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Fig. 12. The 4-bit SAR controller.

The above equation can be further written as

(1-K)
2

—2A,, sin [w

Ty

(2m — N)
2

Tdev_ max —

N
Tb} sin [ngb] T, (10)
Considering the worst case and w(N/2)T;, < 1, (10) can be
simplified as

(1-K)

5 —(AmwaN)]-Tb. (11)

Tdev_ max — |:

Eq. (11) indicates that the sampling margin decreases as the am-
plitude of the jitter modulation and the jitter modulation fre-
quency go up. Substituting (11) into (4)—(6), the allowable pe-
riod of the GDCO is rewritten as

[(1 — K) — 2AmwaN] -Tb

2T, - <T.
b N_1 > k
S 2Tb + [(1 —K) —;AmlebN] -Tb. (12)

For the jitter tolerance mask of OC-192, the worst case hap-
pens when A, = 0.075 Ul and w = 27 - 80 MHz. Hence, the
maximum tolerable frequency offset versus the length of PRBS
can be calculated according to (12). The results are plotted in
Fig. 11 for K = 0.3, 0.5, and 0.7, respectively. For CDR circuits
utilizing GVCOs or GDCOs, the run-length limiting codes like
the 8B/10B coding are usually adopted [7], [8], [10]. Hence, a
27 — 1 PRBS is sufficient for normal operation. Assuming the
sampling margin is only 30% of the input bit time, we know
that the maximum tolerable frequency offset is =100 MHz ac-
cording to Fig. 11. As aresult, the frequency step of the GDCOs
less than 60 MHz is chosen to ensure a correct data receiving.

CKi o——]| D DFF Q||_.| D DFF Q|
Comp
625MHz
Ref. clock
CKQo——» LFF—QI
(a)
CRILT —T 1T - e
625Mc|:-|KQ Im T I
z
Ref clock 4 — ™ L —Lr
Comp —————— " —
«—— FD’s response time 4.|
(b)

Fig. 13. (a) Frequency detector (FD). (b) Worst case response time for an FD.

C. Design Considerations for the DFCL

The DFCL is designed with a SAR scheme [11]. The 4-bit
SAR controller used in our work is shown in Fig. 12. The op-
eration principle is described as follows. In the beginning, the
signal CLR stays low to clear all the cells in the SAR con-
troller. Then, it is switched to high when the calibration pro-
cedure starts. The calibration clock of 1.22 MHz is generated
by the reference clock of 625 MHz divided by 512. As the first
rising edge of the calibration clock arrives, the most significant
bit (MSB), bit3, is set to high. Then, MSB will be maintained or
changed to low according to the comparison result from the FD
at the next clock edge and the next bit, bit2, is set to high. Fi-
nally, the process will repeat until the least significant bit (LSB),
bit0, is determined. The SAR controller also generates a signal,
“SAR_Stop”, to finish the calibration procedure.

The period of the clock in the 4-bit SAR controller is an im-
portant parameter. If the clock period is shorter than the FD’s
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Fig. 14. (a) Die photo for a CDR circuit with the first GDCO. (b) Die photo for
a CDR circuit with the second GDCO.

response time, the calibration result may be incorrect and BER
increases. Conversely, if the clock period is too long, the total
calibration time increases dramatically and the total power con-
sumption, Pjta1, in (1) increases. Hence, it is critical to find the
FD’s response time. A conventional FD in the DFCL is shown in
Fig. 13(a). In Fig. 13(b), assume the feedback clocks (CKI and
CKQ in Fig. 8) are faster than the input reference clock. The
sampling edges of the input reference clock will drift rightward
due to the frequency offset. Hence, the FD’s longest acquisition
time in terms of the number of the reference clock, NFp res, 1S

1
fref

_ 1
fret +Af

~ fref

N res — ~ N7 1
FD._ Af (13)

_1
fres

where fof is the frequency of the reference clock of 625 MHz
and A f is the frequency offset between the feedback clocks and
the reference clock. In our design, the FD is desired to detect
a 10 MHz frequency offset for a GDCO of 5 GHz. Therefore,
N¥Dp _res 18 calculated as 500 and the 4-bit SAR controller is
triggered by a 1.22 MHz clock, which is divided by 512 from
the reference clock of 625 MHz.
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Fig. 15. Measured digital tuning curve.
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Fig. 16. Measured frequency calibration transient.

IV. EXPERIMENTAL RESULTS

Two CDR circuits using the first and the second GDCOs
have been fabricated in 0.18-um CMOS process as shown
in Fig. 14(a) and (b), respectively. The core area is
0.35 x 0.45 mm? for the first one and 0.5 x 0.5 mm? for
the second one. The CDR circuit using the first GDCO con-
sumes 36 mW and 60 mW from a 1.8-V supply under the
data-recovering mode and frequency calibration mode, respec-
tively. The CDR circuit using the second GDCO consumes
56 mW and 80 mW from a 1.8-V supply under the data-recov-
ering mode and frequency calibration mode, respectively.

The measured digital tuning curves for two GDCOs are given
in Fig. 15. Both GDCOs cover the desired frequency and the
maximum frequency step is less than 60 MHz. Fig. 16 gives
the measured frequency calibration transient for the DFCL. The
measurement is performed on the CDR circuit using the first
GDCO. Limited by the maximum detecting frequency of our
modulation analyzer, the first GDCO’s output had been down-
converted by a 4 GHz tone with a mixer in advance. The de-
sired frequency is 4976.5 MHz, which is half of the data rate of
OC-192. The measured calibration time is about 4 us.

The measured 10-Gb/s data acquisition time with user-de-
fined patterns for the CDR circuits using the first and the second
GDCOs are shown in Fig. 17(a) and (b), respectively. Both
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON

This Work | This Work
[8] 9] [10] [12] [13] (1st (2nd
GDCO) GDCO)
zﬁa 10Gbps | 10Gbps | 10Gbps | 10Gbps | 10Gbps 10Gbps 10Gbps
Process 0.15pum | 0.13pm | 0.18um | 0.18um | 0.13pm 0.18um 0.18um
CMOS | CMOS | CMOS | CMOS | CMOS CMOS CMOS
Core 100164 | >24% | 049 27512 | 11.2%%%% | 0.16 0.25
(mm°)
Supply | 1.5V 2.5V 1.8V 1.8V 1.2V 1.8V 1.8V
Power
50 1200*** | 200 91 120 36 56
(mW)
Locking 0.5ns <3.2ns <0.5ns <0.5ns
time N/A (5bits) | (32bits) | VA NA (5bits) (5bits)
Jitter 30ps@ | 19.6ps@ | 10.4ps@ | 9.9ps@ | 15.6ps@ 42.7ps@ 21.8ps@
(Pk-Pk) | 5GHz 10GHz 5GHz 5GHz 155.52.MHz | 5GHz 5GHz

* do not include the external loop filter.

“* do not include a reference PLL and the external loop filter.
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Fig. 17. (a) Measured data acquisition time for the CDR circuit using the first
GDCO. (b) Measured data acquisition time for the CDR circuit using the second
GDCO.

CDR circuits require less than 5 bits (0.5 ns) to recover data.
Fig. 18(a) and (b) shows the measured recovered half-rate data
and clock of the CDR circuit using the first GDCO for a 10-Gb/s
27 — 1 PRBS, respectively. The measured peak-to-peak jitter

Calibrate  Utiities  Help

0742006 0020 | =

Precision Timebase... 70.4 mv/div 71.0mv/div 4 Time:50.0 ps/div | Trig: Nomal E Pattem
Reference: 3.953280 GHz 4.7 my 14my Delay:24.1072 ns. 5 my Lock
(a)

~ File  Control Setup Measure Calibrate Utilities Help

oranz2e 0033 |

Precision Timebase... 64.0 mV/div. 10.1mV/div § Time:20.0 ps/div 4 Trig: Nomal a Pattem
Reference: 3 953280 GHz 4.7 mY -15.3 mY Delay:24 5215 ns 13 my Lock

Fig. 18. (a) Measured recovered data of the CDR circuit using the first GDCO.
(b) Measured recovered clock of the CDR circuit using the first GDCO.

for the recovered clock is 42.7 ps. The measurement results for
the CDR circuit using the second GDCO are demonstrated in
Fig. 19(a) and (b). The measured peak-to-peak jitter for the re-
covered clock is 21.8 ps, which is 50% of the CDR circuit using
the first GDCO. It meets the simulation results in Section II
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Fig. 19. (a) Measured recovered data of the CDR circuit using the second
GDCO. (b) Measured recovered clock of the CDR circuit using the second
GDCO.

well. Both CDR circuits achieve a bit-error rate (BER) less than
1012,

‘We have tested 20 chips for both BMCDR circuits with longer
PRBS lengths. For both BMCDR circuits, the measured BER is
less than 10712 for a 2!! — 1 PRBS; however, the BER degrades
for a 215 — 1 PRBS. The eye diagrams of both BMCDRs for
a 2! — 1 PRBS are shown in Fig. 20(a) and (b). It is hard to
decide the accurate values of the parameters in (12), such as the
data rising time inside the chip. Equation (12) still provides us a
worst case prediction. Referring to Fig. 11 and (12), the tolerable
PRBS length is 11 for both BMCDR circuits with a frequency
offset of 60 MHz and K = 0.7. The performance summary of
these two CDR circuits and the comparisons with the previous
works are given in Table L.

V. CONCLUSION

An open-loop CDR architecture with digital frequency cali-
bration is presented. By using this architecture, the enormous
power consumption, chip area, and loop filters on the auxil-
iary PLL can be reduced. Moreover, two proposed inductorless
half-rate GDCOs are presented. The design considerations are
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Fig. 20. (a) Measured recovered data of the CDR circuit using the first GDCO
fora2'' —1 PRBS. (b) Measured recovered clock of the CDR circuit using the
second GDCO for a 2t — 1 PRBS.

derived in this paper. The experimental results are also demon-
strated.
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