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Abstract—A mixed-mode delay-locked loop (MDLL) for a
512 Mb graphics SDRAM is presented in this paper. The MDLL
extends its lock range into the gigahertz realm by applying
clock division and analog phase generation (APG). The divided
clock from the MDLL is used for clocking logic and tracking
deterministic access latency in the SDRAM. A short discussion
of some of the side effects and advantages of using a divided,
multi-phase clock for logic operation is presented. A low-power
clock distribution network (CDN) based on the presented MDLL
is also disclosed. Fabricated in a 1.5 V 95 nm triple-metal CMOS
process, the MDLL achieves a measured RMS jitter of 4.6 ps and
peak-to-peak jitter of 38 ps at GDDR4 mode with a 1 GHz clock.
Power consumption for the entire MDLL-based CDN is 107 mW
at 800 MHz and 1.5 V.

Index Terms—Delay-locked loops (DLL), clock distribution net-
work (CDN), analog phase generation (APG), de-skewing, duty-
cycle correction (DCC), synchronous DRAM (SDRAM).

I. INTRODUCTION

AS THE CLOCK SPEED for I/O interfaces pushes well
into the gigahertz range, designing timing circuits, such as

de-skewing circuitry and clock distribution networks (CDNs),
becomes a challenge. The on-die synchronization circuit must
cover a wide operation range and, at the same time, achieve
good jitter performance. For a combination GDDR3/GDDR4
memory interface, the minimum and maximum clock frequency
is 400 MHz and 1.25 GHz, respectively, while the typical oper-
ating supply voltage ranges from 1.5 V to 1.8 V. Inclusion of
on-die clock synchronization is necessary for control of output
timing skew between the system clock and the output data
from the DRAM. However, there are side effects from the use
of synchronization circuits when the system clock period be-
comes comparable with the I/O delay of the DRAM. Variations
in process, voltage, and temperature (PVT) can easily cross
cycle boundaries and make read latency prediction difficult.
A phase-tolerant latency tracking scheme can be found in [7].
Besides latency control, high-speed clock distribution is also
susceptible to duty-cycle distortion, power supply noise, and
timing mismatch. Power and jitter for timing circuits must be
carefully gauged to achieve overall better performance.

Traditionally, a delay-locked loop (DLL) is selected for clock
synchronization due to its close-loop architecture and relatively
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simple implementations in both digital [1], [2] and analog [3],
[4] domains. To achieve fast and tight locking, a combination
of both digital and analog approaches has been reported in [5],
[6], but the maximum clock frequency is below 220 MHz. To re-
duce duty-cycle distortion for a double data rate (DDR) memory
system, a symmetrical delay cell [1] is found useful when con-
structing a digital delay line. A digital duty-cycle correction
(DCC) [2] provides a close-loop solution with extra hardware
and power consumption. Analog approaches can also be found
in [3] and [4] with multiphase generation and dedicated DCC
circuitry.

In this paper, a mixed-mode DLL (MDLL) with clock divider
and analog phase generator (APG) is proposed for wide-range
high-speed clock synchronization. Based on the operating mode
(GDDR3/4), the clock divider, like in [2], can slow down the in-
ternal operation by utilizing half-speed clocks. Instead of using
an extra digital DLL for DCC [2], a multiple-phase analog DLL
is applied for edge recovery and built-in duty-cycle correction.
A portion of this discussion will also focus on the side effects
that the clock synchronization circuit choices have on the com-
mand decoder implementation and the read data output timing
path. It will also be shown that power and area can be saved
with the proposed MDLL, and the measured maximum achiev-
able clock frequency is 2 GHz at 2.12 V supply.

Following the introduction, Section II discusses overall
clocking architecture for the proposed MDLL-based CDN and
the effects of this architecture on the peripheral DRAM logic
circuits. Section III describes the digital DLL and the proposed
APG using a modified voltage-controlled delay line (VCDL)
and dual-edge phase detector to achieve multiphase generation
and built-in DCC. Section IV shows experimental results and
Section V outlines conclusions.

II. CLOCKING ARCHITECTURE AND EFFECTS

ON DRAM LOGIC IMPLEMENTATION

The proposed mixed-mode DLL (MDLL) is shown in Fig. 1.
A conventional digital DLL (like the one used in [5]) with fast-
lock and fine resolution (via phase interpolation) is adopted for
clock synchronization and de-skewing. A clock divide-by-2 cir-
cuit is inserted into the input path to slow down the internal
clock speed for GDDR4 mode of operation. A MUX is either
used to select full-speed or half-speed clock. The clock divider
effectively doubles the I/O operating speed with minimum im-
pact on internal timing circuits. When half-speed clock is used
for power saving and better signal integrity for high-speed clock
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Fig. 1. Mixed-mode DLL used for clock distribution and multiphase generation.

distribution, an edge recovery circuit is required for a DDR in-
terface, where falling edges of the clock are also used for data
operations. An analog DLL using a VCDL is picked for the edge
recovery. During power-up and initialization, the analog phase
generator (APG) is locked first, followed by the digital DLL
synchronization. During digital synchronization, the phase de-
tector of the APG is disabled for a short period of time when the
output of the DLL is switched for quick initialization (more de-
tails follow). A detailed implementation of the digital DLL and
multiphase generator will be discussed in Section III.

The MDLL-based clock distribution network (CDN) can be
grouped into two parts: global clock tree and local clock tree
(as shown in Fig. 1). With 32 DQs placed in four quadrants of
the die for graphic DRAM, clock trees can consume significant
power. Matching is another concern when distributing multi-
phase clocks. Instead, in this work, only a single-phase clock out
of the digital DLL is distributed globally over a long distance.
Two analog phase generators (APG) are placed at each end of
the global tree to generate multiphase clocks. The outputs of the
APG will drive the local clock tree, which eventually clocks the
output data path. For low-speed operation, a clock divider can be
used instead to generate 4-phase clocks to save power and lock
time. A 4-phase clocking diagram is illustrated in Fig. 2. CK is
the external clock running at full-speed, where C0, C90, C180,
and C270 are internally generated 90-degree phase-shifted half-
speed clocks. Only the rising edges of the 4-phase clocks are
used for clocking the data path. The duty-cycle for each clock
phase is not critical as long as each clock distribution path is
matched. The multi-phase clock output from the APG circuits
affects circuit and clocking methodologies employed in the I/O
data path and the command decoder circuits. The advantages of
using the divided, multi-phase clocks for command decode and
read data are slightly offset by increased logic complexity.

The command decode circuits for a synchronous DRAM re-
quire that a portion of the decode circuitry be devoted to tracking
synchronous, deterministic timing of both read and write data
latency. Latency is measured in command clock cycles
and programmed into the DRAM mode register usually as part
of the power-on/initialization sequence. For example, when a
read command is received by the DRAM, the command de-
coder will trigger an immediate array access and also generate

Fig. 2. Timing diagram for 4-phase clocking.

a read signal synchronized to the internal command clock. If
the internal command clock is frequency divided then, because
commands are aligned only to positive edges of the full-fre-
quency system clock, there are two possible phase alignments of
the synchronously generated, internal read signal. Fig. 3 shows
how this alignment occurs for DDR4 operation. Quite simply,
the synchronous read signal will align with either the C0 clock
or the C180 clock phase because these two clock phases corre-
spond with positive transitions of the system clock, and, hence,
DRAM commands.

Dynamic logic and skew tolerant techniques [11] can be em-
ployed [11] for the command decoder and timing control. This
style of logic is made more feasible by a multi-phase clocking
environment. A secondary DLL or PLL is be used to align a
multi-phase clock to the delay-matched command/address cap-
ture clock and write strobe (WS) distribution paths [7]. The out-
puts of the capture latches are converted to dual-rail, monoton-
ically rising signals with a pulsewidth of two CK periods as
shown in Fig. 4. Because DRAM commands are generally sep-
arated by at least 2 CK periods, direct use of the divided clock
is acceptable. There are, however, exceptions for ACTIVATE
and PRECHARGE commands. If the DRAM protocol does not
allow for a divided clock, this method can still be implemented
by artificially generating the quadrature phases using gate de-
lays that approximate the quadrature shift for the highest oper-
ating frequency.

Self-timed decode and control paths are formed by gener-
ating monotonic signals from dynamic logic gates. Translating
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Fig. 3. Multi-phase decoder output.

Fig. 4. Dynamic command decoder.

the static outputs of the command capture latches to monoton-
ically rising signals avoids static hazards because high-to-low
transitions are not evaluated at the inputs to the dynamic logic
gates—only low-to-high transitions can occur just prior to or
during the evaluation phase of the dynamic gates. These logic
paths are sequenced by the multi-phase clock but are not directly
clocked by the output of the APG beyond the first stages of logic.
The advantage of using this type of logic is that the command
decoder delay is determined by the gate delay between levels
of decode. More importantly, the output of the command de-
coder is hazard free without having to resort to a realignment
register with the associated timing overhead for such a topology.
Fig. 4 is an example of such a decode path for a read command.

In Fig. 4, following the capture latches, the first stage of de-
code is a circuit used for converting the input control signals
into monotonically rising signals [12]. The conversion circuit
(S2D) is clocked by the (quadrature) clocks and
which are shifted by a quarter-period relative to the and

clocks. Ideally, phases and align with the output
of the capture latches. When the clock to data out for the
command capture latches is significant, a delay model for the
capture latch circuit is placed in the input path of the reference
clock of the secondary DLL to center the divided quadrature
phases within the output symbol of the capture latches. Alter-
natively, this conversion function can be directly implemented
in the capture latch. For this work, the capture latch was kept
separate from the conversion circuits in order to provide static
command signals for manufacturing tests. The conversion cir-
cuit (Fig. 5) must adhere to the setup and hold requirements of a
synchronous storage element (the soft clock edge of the conver-
sion circuit aids setup timing). In Fig. 4, the output of the conver-
sion circuit is dual-rail, meaning the circuit generates a true and
complement output (both are monotonic) for functional com-
pleteness. The outputs of the conversion circuits then become
clocks to the dynamic decoder gates.

Multi-phase clocking also affects input and output timing
logic for the DRAM data I/O circuit paths. Deterministic read
latency is a requirement for GDDR3/4. Because two internally
generated clock phases represent rising edges on
CK, for correct read latency tracking, it is necessary to deter-
mine the correct internal clock phase from which to fire the
output data before array data enters the output data path. Just as
DRAM commands can correspond to either clock or ,
burst output data in a multi-phase system will also be required
to start on output clock phase or in the read clock
domain. A method for tracking deterministic read latency was
outlined in [7]. A top-level diagram of the latency tracking cir-
cuit blocks from [7] are shown in Fig. 6. Following is a brief
outline of the operation of this circuit.

Referring to Fig. 6, upon power-up or reset the block la-
beled Initialization FSM waits for the APG and DLL circuits
to achieve lock following which the initialization circuit simul-
taneously disables the resets for the two Gray code counters.
The Gray code counter in the read clock domain is immedi-
ately enabled on the following clock edge while the Gray code
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Fig. 5. Command decoder dynamic circuits.

counter in the command/address (C/A) clock domain is enabled
following a delay determined by a replica of the DLL feedback
I/O timing model. By sending the reset through the replica DLL
I/O model from the read clock domain to the C/A clock do-
main, the reset signal is automatically synchronized to the C/A
clock domain because of the phase alignment of the DLL (the
C/A clock lags the read clock by the delay of the I/O model).
This portion of the initialization results in transitions from the
read clock Gray code counter that lead the C/A clock Gray code
counter by the I/O model delay. Prior to starting the counters,
one of the Gray code counters is preloaded with the programmed
read latency compensated by any full clock periods used for syn-
chronization in the read timing logic path (SP). In Fig. 6, the
C/A Gray code counter is loaded with the value CL-SP where
CL is the programmed read (CAS) latency value expressed as an
integer number of system clock (CK) cycles. Under these condi-
tions, any value that occurs at the output of the C/A Gray code
counter will occur at the read clock Gray code counter with a
delay of where is
the delay through the DLL feedback I/O model. Following ini-
tialization, when a read command is received, the value from
the C/A Gray code counter is loaded into the FIFO. When the
corresponding value is detected from the read clock Gray code
counter, the digital comparator signals a ‘Start’ to the output en-
able timer and the output data path is enabled for a read burst
with the correct latency as referenced to the DRAM system
clock.

The multi-phase clocking scheme outlined in this work re-
sults in some interesting side effects for the read latency tracking
method described above. First, the use of Gray code counters
is necessitated by the procedure of loading a count value into
the FIFO. By using a Gray code sequence, the probability of
a load failure and, especially, a digital comparator miscalcu-
lation because of skew between multiple transitioning signals
is greatly reduced. Another interesting aspect of using a Gray
code counter (reflected binary code [14]) in a divided clock
application is that the sequence of the counter is well suited
for multi-phase clocking. The Gray code sequence for a 4-bit
counter is shown in the truth table inset of Fig. 7 (This figure

is a timing diagram, logic diagram and truth table for the gray
code counter). Notice that the LSB of the Gray code transitions
on opposite cycles from the upper 3 bits. It was established that
transitions on clocks and correspond to positive edge
transitions on the DRAM system clock. For a 4-bit Gray code
counter, if is used to clock the LSB of the counter output
and is used to clock the upper 3 bits, we get a sequence
that corresponds to the timing diagram of Fig. 7. The ability to
mux the clock phases for the counter that is preloaded counter
must also be considered in order to correctly align the clock
phases with the preloaded counter offset (CL-SP). The clock
phases may need to switch depending on the calculated preload
value. If the preload value corresponds to a transition on the
upper 3 bits following initialization, and the initialization phase
starts on in the read clock domain, then the clocks must be
muxed such that clocks the upper 3 bits and clocks
the LSB of the C/A Gray code counter. Finally, clocking the
Gray code counter in the fashion described here is essentially a
method of doubling the apparent clock frequency at the output
of the Gray code counter relative to the frequency of the sep-
arate, divided input clocks. Thus, the Gray code output transi-
tions at the full-frequency system clock rate. Another advantage
of using a divided clock is that the probability of initialization
failure at the receiving flip-flop when starting the C/A Gray code
counter for latency tracking is cut in half because the clock pe-
riod is doubled [13].

Another important detail for read latency tracking when using
a frequency divided clock is that there are two possible output
clock phases from which the output data path is enabled for the
start of a data burst. Consideration must be given to the pro-
grammed latency and the clock phase from which the read com-
mand is decoded in order to determine which read clock phase
will enable the output data path. If the programmed read latency
(CL) is 12 and the number of synchronization points (SP) in the
logic path is 3 then the resulting discrete portion of tICL is equal
to 9 (CL SP 9). In this case, the Gray code latency coun-
ters are separated by an odd number of system cycles, which
results in enabling the output path on the complementary clock
phase from which the read command is decoded. For example,
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Fig. 6. Read latency tracking circuit.

if the read command is received on , then counting an odd
number of system clock cycles results in the output data path
being enabled on . This information must be forwarded to
the output data path prior to array data arrival so that the read
data from the memory array can be correctly aligned with the
clock phases of the output data clock (phase in the stated
case). Because of the high data rates and short column cycle
times for the GDDR3/4 device, several read commands can be
initiated before the read latency expires from the first in a se-
ries of open page accesses. For this reason, it becomes neces-
sary to pipeline the phase alignment information from the C/A
clock domain to the read clock domain for each read command
in order to correctly align the data with the clock.

Fig. 8 is a block diagram detailing a mux for adjusting the data
path to align the data with the correct clock cycle for the multi-
phase output clock. The mux select value is calculated based on
the conditions of the programmed latency and Gray code state
when the read command is decoded. The mux select values are
pipelined to the output data path in a FIFO where each value
in the FIFO corresponds to a captured Gray code count value
stored in the read latency FIFO of Fig. 6. Each phase alignment
value must be forwarded since non-consecutive reads can be
in transit before the completion of an array access. The FIFO
which presents the mux select is referred to as an “orthogonal”
FIFO because it presents the mux select perpendicular to the
direction of the array data flow into the output data path. Fig. 8
shows this relationship for clarification.

The mux select can be directly determined from the captured
C/A Gray code count value. Again, looking at the truth table in

Fig. 7, by calculating the parity of the captured Gray code count
the phase of the clock relative to the output clock phase from
which the read command was generated can be determined. Fur-
ther, the parity of the captured Gray code value is combined
with the even/odd state of the compensated programmed latency
(CL SP) to determine the value of the mux select that is loaded
into the orthogonal FIFO and ultimately used for data alignment
in the output data path. This calculation tracks transitions on
both and clock phases.

Now that some of the side effects and advantages of using a
multi-phase clock in a SDRAM where deterministic latency is
a part of the specification have been outlined, the remainder of
this work will focus on the implementation of the mixed-mode
DLL.

III. DIGITAL DLL AND ANALOG PHASE GENERATOR (APG)
WITH BUILT-IN DCC

In order to evaluate the proposed clocking architecture, a
comparison between traditional digital DLL (DDLL) and pro-
posed MDLL is summarized in Table I. An 800 MHz external
clock is fed into both DLLs. The clock is running at full speed
for the DDLL and half speed for the MDLL. Four-phase clocks
are generated by a clock divider for the DDLL and an APG
for the MDLL, respectively. Simulation is performed at 1.5 V,
typical process and 85 C. Duty-cycle correction (DCC) for the
DDLL is not included in this simulation, which requires addi-
tional power, area, and lock time for the conventional approach.
From Table I, the proposed MDLL consumed less power for
both DLL and global clock tree (including two APGs) due to
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Fig. 7. Multi-phase Gray code counter output.

Fig. 8. Multiplexor select FIFO and output data path relationship.

TABLE I
COMPARISON BETWEEN CONVENTIONAL DIGITAL DLL (DDLL) AND PROPOSED MIXED-MODE DLL (MDLL)

AT 1.5 V, 85 C, AND 800 MHZ EXTERNAL CLOCK

half-speed clocking. However, the lock time did increase for
analog phase generation.

The digital DLL used in the MDLL can achieve fast lock with
a measure-controlled delay (MCD) line, shown in Fig. 9. The
time-to-digital conversion (TDC) and digital-to-time conversion
(DTC) will start during measure initialization. The input delay

and output delay are modeled with an I/O model
. Delay for clock distribution is in Fig. 9. The

intrinsic loop delay is measured by the
measure delay array (MDA) and the difference
is stored in the forward delay array (FDA). Parameter is
the clock period and is an integer number. When

.
During initial measurement, the FDA is bypassed by the two-

input MUX. A Start signal triggered by the rising edge of the
internal clock (CKIn) initializes the measurement. As shown
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Fig. 9. Close-loop, measure-controlled delay (MCD) based digital DLL.

Fig. 10. Diagram for the MCD operation (N = 2).

in both Figs. 9 and 10, the Start signal propagates through the
clock tree and I/O model and becomes the Stop signal at the
input of the MDA. The time difference between the two signals
(Start and Stop) is . The outputs of the MDA are sampled
by the CKIn and the output digital codes are stored in the Mea-
sure Control block. After the difference between and

is captured and reflected in the FDA, the initialization is
completed and the loop is locked (total delay from external to
output clock is ). The output of the FDA is selected and
normal DLL loop is resumed thereafter for voltage and temper-
ature tracking. Because MDA and FDA are identical and oper-
ating mutual exclusively, the MDA and FDA can be combined
to save area. A digital phase interpolation or mixing [8] out of
one FDA element is followed to achieve better resolution, gen-
erally in 5–15 ps range.

Typical lock time for the entire DDLL is less than 60 cycles,
depending on clock frequency, intrinsic loop delay, adjustment
rate, and final resolution. Compared to the two-cycle lock of
a conventional synchronous mirror delay (SMD) or clock-syn-
chronized delay (CSD), the lock time is longer for the MCD
because of switching the output via the MUX. Longer delay

through the digital loop, clock path and I/O model with re-
garding to a shorter also requires extra time for the feedback
signal to settle. Finer resolution achieved by subsequent phase
interpolation further increases the lock time. The data quoted in
Table I shows a lock time about 45 cycles for the DDLL, which
is significantly better than the 200-cycle spec requirement. Al-
though the finer adjustment circuitry can be designed using an
analog approach, as in [5], an all-digital implementation is still
adopted in the clock architecture for its simplicity, scalability,
and fast lock time.

Based on the proposed clocking architecture, a multiphase
generator is required to recover the edges lost due to clock
division. For this design an analog DLL was selected. Diagrams
for a conventional APG [3] and the proposed DCC-enabled
APG are shown in Figs. 11(a) and (b), respectively. Both APGs
are locked to 180-degree phase of the input reference instead of
360-degree phase for fast-locking, reduced power and area, and
better linearity. One drawback for 180-degree locking is sensi-
tivity to input duty-cycle distortion (DCD). Because the falling
edge of the input signal is used to generate feedback for the
phase detector (PD), any input DCD will cause a misalignment
for the multiphase outputs. For the proposed MDLL-based
CDN, the DCD is likely generated from the DDLL and global
clock distribution network. A separated duty-cycle correction
circuit is generally required in the conventional APG for
high-speed operation.

Instead of using complementary phases, such as clock 180
and 270 in Fig. 11(a), the proposed APG adds an extra three
delay stages to form a 9-stage VCDL. Multiple phases are
tapped off from the equal length delay stages of the VCDL, as
shown in Fig. 11(b). The dependency of output DCD due to
input duty-cycle is removed with the proposed configuration.
However, output DCD dependency still needs to be solved
for the feedback signal (FB), which is generated by using the
falling clock edges.

A fully differential dual-edge phase detector (DDPD) can be
used to perform automatic DCC, as is shown in Fig. 12. In-
puts Ref and Ref # are differential references, while FB and
FB # are differential feedback signals. Based on transitions of



638 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 43, NO. 3, MARCH 2008

Fig. 11. (a) Conventional APG using 6-stage VCDL. (b) Proposed APG with built-in DCC.

Fig. 12. Fully differential dual-edge phase detectors (DDPD).

both rising and falling edges, pulses are generated to trigger the
SR latches and create UP and DN signals, respectively. Timing
diagrams for this DDPD is shown in Fig. 13 with only UP and
DN signals for clarity. Whenever both UP and DN are in the
same state, either ‘1’ or ‘0’, there is no net charge dumped into
the loop filter, and the control voltage remains un-
changed. During normal phase locking, gets adjusted
twice—one at rising edges and one at falling edges—as shown
in Fig. 13(a). With input duty-cycle distortion (DCD) present,
the relationship is plotted in Fig. 13(b), with equal intervals for
pumping up and down when locked. The average impact on

is zero and the loop is locked. With 1 GHz external
clock and 46% duty-cycle internal clock (2 ns period), simu-
lation data shows that the proposed APG maintains the desired
phase alignment (500 ps apart from each other) while the con-
ventional APG produced a worst-case bit time of 403 ps (40%
duty cycle relative to the external clock as, measured between
the four phases).

A self-bias VCDL [9] is used for the proposed APG. The
VCDL is clamped to its minimum delay initially to avoid false
locking. A fully differential current steering charge pump [10]

is used to generate the control voltage for the VCDL with no
dead zone. The typical lock time for the APG is in the order of
100 cycles. The analog implementation including all decoupling
capacitors occupies roughly 133 317 m , which is one-third
of the size of the DDLL. Average current drawn from the APG
is around 3–5 mA depending on the frequency and operating
conditions.

IV. MEASUREMENT RESULTS

Using the proposed mixed-mode DLL, an 88 mm
512 Mb 32 GDDR3/GDDR4 device, is fabricated in a
1.5 V 3-metal 95 nm CMOS process. Fig. 14 shows the die
micrograph with the digital DLL (DDLL), two analog phase
generators (APG) and four quadrants of DQ paths highlighted.
Fig. 15 is a measured -VDD shmoo data showing device
performance reaching beyond 2 Gb/s/pin in GDDR3 operation
for page fast write and read vectors that produce 2 ns column
cycle times (data failure limited). The measured jitter histogram
of read strobe (RDQS) is shown in Fig. 16, where the part is
running at 1.5 V, 1 GHz in GDDR4 mode. The RMS jitter
and the peak-to-peak jitter are 4.63 ps and 38 ps, respectively.
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Fig. 13. Timing diagram of a dual-edge phase detector: (a) DDPD phase locking and (b) DDPD locked w/DCD.

Fig. 14. Die micrograph.

Fig. 15. t versus VDD shmoo GDDR3, BL= 4, Temp.= 5C=85C, CL =

12.

Fig. 17 is a scope shot of a DQ output running at 4 Gb/s/pin,
2.12 V supply, ambient temperature and GDDR4 mode. The
data rate can be extended well beyond 2.5 Gb/s by using the

Fig. 16. Measured jitter histogram at GDDR4, 1 GHz, 1.5 V.

Fig. 17. GDDR4 DQ output firing into 25 ohm load at 4.0 Gb/s and 2.12 V.

proposed half-speed clocking and mixed-mode DLL. Perfor-
mance results are summarized in Table II.

For GDDR3 mode of operation, where the full-speed clock is
used internally, the proposed APG can also serve as an analog
duty-cycle corrector (ADCC). Only two phases of the outputs
of the APG are selected ( and in Fig. 11(b)) and four-
phase clocks are generated by clock dividers based on the rising
edges of and . Silicon results for using the ADCC
or divider only are shown in Fig. 18(a) and (b), respectively.
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TABLE II
PERFORMANCE SUMMARY OF THE PROPOSED MDLL

(a)

(b)

Fig. 18(a). Silicon data for GDDR3 mode running at 800 MHz, (a) output duty
cycle with the APG as a DCC, (b) output duty cycle with a 4-phase divider, no
DCC.

Using ADCC improves the output duty-cycle from 41.3/58.5%
to 47.3/52.1%.

V. CONCLUSION

To obtain high-speed and wide-range operating for both
GDDR3 and GDDR4 SDRAM systems, a mixed-mode DLL
containing both digital and analog features is proposed. The
data path and command decode logic was adjusted to accommo-
date and take advantage of multi-phase clocks generated by the

MDLL. A unique built-in DCC-enabled analog DLL reduces
the design complexity by removing a dedicated DCC loop. A
clock distribution network, based on the proposed MDLL, was
able to achieve low-power, low duty-cycle distortion and robust
operation over a wide range of clock frequency. The proposed
clocking techniques can also be easily transferred to future
high-speed DDR SDRAM generations.
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