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Abstract—A 1.35 ns random access and 1.7 ns-random-cycle SOI
embedded-DRAM macro has been developed for the POWER7™
high-performance microprocessor. The macro employs a 6 tran-
sistor micro sense-amplifier architecture with extended precharge
scheme to enhance the sensing margin for product quality. The
detailed study shows a 67% bit-line power reduction with only
1.7% area overhead, while improving a read zero margin by more
than 500ps. The array voltage window is improved by the pro-
grammable BL voltage generator, allowing the embedded DRAM
to operate reliably without constraining of the microprocessor
voltage supply windows. The 2.5nm gate oxide ����� transistor
cell with deep-trench capacitor is accessed by the 1.7 V wordline
high voltage (VPP) with � � V WL low voltage (VWL), and both
are generated internally within the microprocessor. This results
in a 32 MB on-chip L3 on-chip-cache for 8 cores in a 567 mm�

POWER7™ die.

Index Terms—DRAM Macro, embedded DRAM Cache.

I. MOTIVATION

F OR several decades, the miniaturization of CMOS tech-
nology has been the most important technology require-

ments for increasing developing microprocessor performance
and Dynamic Random Access Memories (DRAMs) density.
However, the performance of the high-density DRAM has not
kept pace with the high-performance microprocessor speed,
hindering a system performance improvement. To address this
performance gap, a hierarchical memory solution is utilized,
which includes high speed Static Random Access Memories
(SRAMs) as cache memories between a high-performance
microprocessor and high density DRAM main memory.
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As technology is scaled in a nanometer generation, it is be-
coming significantly more difficult to enjoy a device scaling
advantage, in part, due to increasing lithography challenges,
as well as fundamental device physics limitation. Furthermore,
it is even more important to improve the system performance
to enable super-computing, which demands significantly larger
cache memories with lower latencies. This results in a larger
chip size with more power dissipation, where the embedded
SRAM macro is one of the most significant area and power
hungry elements. The first and second level cache memories
have already been integrated in high-performance microproces-
sors [1], however, even with this approach it is difficult to meet
the increasing system performance requirements. As a result,
larger L3 cache integration [2] is the most important element
for multi-thread, multi-core, next generation microprocessors.

High-performance and high-density DRAM cache integra-
tion with high performance microprocessor has long been
desired, because the embedded DRAM 3x density advantage
and 1/5 of the keep-alive-power compared to embedded SRAM.
With on-chip integration, the embedded DRAM allows for the
communication with the microprocessor core with significantly
lower latency and higher bandwidth without a complicated
and noisy off-chip IO interface [3]. The smaller size not only
reduces chip manufacturing cost, but also achieves a faster la-
tency from shorter wiring run length. In addition to the memory
density and performance advantages, the embedded DRAM
realizes 1000X better soft error rate than the embedded SRAM,
and also increases the density of decoupling capacitors by
25X, using the same deep-trench capacitors to reduce on-chip
voltage island supply noise.

Historically, integration of high density DRAM in logic tech-
nology started with ASIC applications [4], SRAM replacements
[5], and off-chip high density cache memories [6], which have
been already widely accepted in the industries. High density
on-chip cache memory with embedded DRAM [7] was then
employed in moderate performance bulk technology, which has
leveraged supercomputers such as IBM’s BlueGene/L [8]. As a
next target, integration of high density embedded DRAM with
a main-stream high-performance microprocessor is a natural
step, however, because of ultrahigh performance requirement
and SOI technology, it has not yet been realized.

This paper describes a 1.35 ns random access, and 1.7 ns
random cycle embedded DRAM macro [9] developed for the
POWER7™ processor [10] in 45 nm SOI CMOS technology.
The high performance SOI DRAM macro is used to construct
a large 32 MB L3 cache on-chip, eliminating delay, area,
and power from the off-chip interface, while simultaneously
improving system performance, reducing cost, power, and soft
error vulnerability.
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Fig. 1. 45 nm embedded DRAM versus SRAM latency.

Section II starts with the discussion with the density and
access time trade-off between embedded DRAM and SRAM.
Section III describes the embedded DRAM architecture. The
discussion in Section IV moves into the details of the evolution
for micro-sense amplifier designs and then explores the bitline
high voltage generator design in Section V. To conclude this
paper, Section VI shows the hardware results followed by a
summary in Section VII.

II. EMBEDDED DRAM AND EMBEDDED SRAM
LATENCY AND SIZE

The system level simulation shows that doubling the cache
size results in respectable double digit percentage gains for
cache-constrained commercial applications. Improving cache
latency also has an impact on system performance. Placing
the cache on-chip eliminates delay, power and area penalties
associated with high frequency I/O channels required to go
off-chip. Trends in virtual machine technology, multi-threading
and multi-core processors further stress on the over taxed cache
sub-systems.

Fig. 1 shows the total latency and the total area for embedded
DRAM cache and embedded SRAM cache memories in a
microprocessor. The latency and the size were calculated on the
basis of the existing embedded DRAM and SRAM macro IP
elements having 1 Mb building unit both in 45 nm SOI CMOS
technology. Although embedded DRAM performance has been
significantly improved over the past 5 years, embedded SRAM
still holds a latency advantage at the 1 Mb macro IP level,
showing approximately half that of DRAM macro. However,
if one takes a system level perspective when building a large
memory structure out of discrete macros, one realizes that wire
and repeater delays become a significant component as shown.
As the memory structure becomes larger and the wire delay
becomes dominant, the smaller of the two macros will have
the lower total latency. The cross-over point of the latency
is approximately 64 Mb, where embedded DRAM realizes a
lower total latency than embedded SRAM.

III. MACRO ARCHITECTURE

Fig. 2 shows the architecture of this embedded DRAM macro
[9]. The macro is composed of four 292 Kb arrays and input/
output control block (IOBLOCK), resulting in a 1.168 Mb den-
sity. The IOBLOCK is the interface between the 292 Kb arrays
and processor core. It latches the commands and addresses, syn-
chronizing with the processor clock, and generates sub-array
selects, global word-line signals. It also includes a concurrent
refresh engine [11] and a refresh request protocol management
scheme [12] to maximize the memory availability. A distributed
row redundancy architecture is used for this macro, resulting in
no redundancy array.

Each 292 Kb array consists of 264 word-lines (WLs) and
1200 bit-lines (BL), including eight redundant word-lines
(RWLs) and four redundant data-lines (RDLs). Orthogonally
segmented word-line architecture [13] is used to maximize
the data bus-utilization over the array. In this architecture,
the global word-line-drivers (GWLDVs) are arranged in the
IOBLOCK located at the bottom of the four arrays. The
GWLDRVs drive the global WLs (GWLs) over the four ar-
rays using 4th metal layers (M4). The GWLs are coupled to
the Local Word-Line DriVers (LWLDVs), located adjacent
to the sense amplifier area in each array. This eliminates the
necessity to follow the pitch limited layout requirement for the
LWLDVs, improving the WL yield. Each LWLDV drives the
corresponding WL by using vertically arranged metal 4 layers
(M4) over the array. The M4 WLs are coupled to the 3rd metal
layer (M3) WLs, which run horizontally, parallel to the on pitch
WL. The WLs are finally stitched to the poly WL at every 64
columns to select the cells.

The 292 Kb array are also divided into eight 33 Kb micro-
arrays for micro-sense-amplifier architecture [13]. 32 cells with
an additional redundant cell (total 33 cells) are coupled to the
Local Bit-Line (LBL). This enables a maximum of 8 row repairs
in any array, however to save fuse latch area, only 16 repairs
can be made per macro. Similar to the row redundancy array
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Fig. 2. Macro architecture.

architecture in 65 nm SOI embedded DRAM [13], this scheme
offers a good tradeoff between area and repair region size.

The Micro sense architecture is a hierarchical scheme that
relies on a high transfer ratio during a read to create a large
voltage swing on a LBL; large enough to be sampled with a
single-ended amplifier.

The micro sense amp ( SA) transfers data to/from a global
sense amplfier (GSA) along two global bit-lines labeled read
bit-line (RBL) and write bit-line (WBL). The metal 2 global
bit-lines, routed in parallel to the metal 1 LBL, control the read/
write operations to the SAs. The uni-directional WBL controls
write ‘0’ while the bidirectional RBL manages both read and
write ‘1’.

The SA adds an extra level of hierarchy and necessitates
a third level data sense amp (DSA). The bidirectional DSA is
responsible for transferring data between the Metal 4 global
data lines and the selected GSA. One of eight Micro Arrays
are selected horizontally in the Y dimension using the master
word-line (MWL) decodes while one of eight GSA are se-
lected in the X dimension by the column signals. In order to
meet the tight pitch of the array, GSA are interleaved with
4 above the array, supported by an upper DSA and 4 below,
supported by a lower DSA. Both DSAs share common metal
4 data lines.

The column select signal (CSL) selects one out of 8 GSAs
such that the data bit in the selected column is transferred to
the single-ended read dataline complement (RDC) or from
write dataline true/complement (WDT/Cs) by the DSA. In a
set associative cache, the one-hot column select would be used
as a late way select, achieving a high speed latency for the
POWER7™ microprocessor. A total of 146 RDCs and 146
WDT/C pairs are arranged using the 4th metal layers over four
arrays. An additional four redundant RDCs and four WDT/C
pairs support two out of 73 data-line redundancy repair on each
left and right column domain, resulting in total 150 datalines
per macro.

IV. EVOLUTION OF MICRO-SENSE AMPLIFIERS

Conventional techniques for improving DRAM performance
involve reducing the bit-line (BL) length. This short-BL ar-
chitecture [14], however, increases the area overhead due to
additional sense amplifiers, bit-line twisting, and reference
circuits. The area overhead is significantly increased when the
BL length shorter than 128 cells/BL is employed, which makes
the embedded DRAM cache solution less attractive. Sense
amplifier area is further degraded with body-tied SOI devices,
required to prevent history-induced sense amp mismatch on
small signal, long bit-line architectures. The micro sense-amp
( SA) architecture is introduced to provide high performance
sensing, without incurring the overhead associated with con-
ventional techniques.

A. Three Transistor SA (3T SA)

Fig. 3(a) shows the array design featuring 3 transistor SA ar-
chitecture (3T SA) [13]. In this approach, only a small number
of cells (32) are connected to the LBL for each column in a
sub-array. A 18 fF deep-trench capacitor (DT) is used in com-
bination with a 3.5 fF LBL, resulting in 84% transfer ratio. The
LBL is coupled to the gate of the NFET read head transistor
(RH). The sensing operation relies on the ultrahigh transfer ratio
during a read to create a large voltage swing on a LBL, large
enough to turn on the NFET RH as a single-ended BL sense-am-
plifier. The single-ended LBL arrangement enables relaxed 1st
metal layer (M1) pitch, increasing line to line space by 3X.
The LBL is supported by the PFET feedback device (FB) and
NFET pre-charge/write 0 device (PCW0). The 3T SA trans-
fers data to/from a GSA via two Global Read/Write Bit-Lines
(RBL/WBL) using second metal layers (M2). The RBL and
WBL wires are arranged over the M1 LBLs. Each GSA, in turn,
services 8 SAs, supporting 256 cells for each column in an
array as a hierarchical fashion.

During pre-charge, WL is low, turning all cell transfer devices
off. The WBL and RBL are pre-charged to high, which turns on
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Fig. 3. 3T and 4T micro-sense amplifiers.

the NFET PCW0 and turns off the PFET FB. The LBL is there-
fore precharged to GND though the PCW0. Prior to WL activa-
tion, WBL is driven low by the GSA, which turns off the PCW0.
As a result, the LBL will be floated at GND level, waiting for
the signal transfer from the cell. When WL rises to 1.7 V, the
signal development starts on the LBL.

When the cell stores “0” data, the LBL remains at low voltage,
keeping the RBL at high level. The GSA senses a “1” at RBL,
interpreting this to be a “0” value. Upon Detection of “0”, the
GSA drives the WBL high, forcing the LBL to low with NFET
PCW0, writing back “0” data to the memory cell.

When the cell stores “1”, the LBL is pulled high by the charge
sharing between high storage node and GNDed BL. The 32
cells/LBL allows the large LBL swing, turning on the NFET
RH. This results in discharging the RBL through the WBL,
to GND though the NFET RH. When the RBL drops a PFET
threshold below the PFEB FB source voltage, the PFET FB
turns on, driving the LBL high, providing a positive feedback to
the NFET RH, further accelerating the low-going RBL swing.
As a result, the cells are naturally restored to the full VDD in a
short period without having any additional timing requirement.

When a 1 is to be written, RBL is pulled to ground by the
GSA. This allows PFET FB to turn on, making the LBL high.
The operation will occur at the same time when the WL rises.
This results in writing the high voltage to the cell very early
in the cycle as a direct write [4]. For writing “0” to the cell, the
WBL stays high, which keeps the NFET PCW0 on. This clamps
the LBL at GND during the WL activation, allowing the writing
of the 0 data to the corresponding cells.

B. Four Transistor SA (4T SA)

The PFET FB in 3T SA is the key device to amplify the LBL
as fast as possible. This is achieved by giving a positive feedback
to the LBL when the LBL swings below the threshold of the
PFET FB. However, a leakage current or noise coupling which

makes RBL go low, also contributes to inadvertently enabling
the PFET FB. This may result in a false amplification when “0”
data are read. In fact, the RBL will go low regardless of the cell
data as time goes by, due to the leakage path to GND through the
NFET RH whose source is at GND in a read mode. The RBL is
connected in parallel to all 8 NFET RH devices in 8 sub-arrays,
resulting in 8X leakage path to GND. To complicate matters, the
small RBL discharge event also amplifies the LBL in unselected
segments. Because the LBLs in unselected sub-arrays are lightly
loaded, (not coupled to the cell capacitor), the positive feedback
to the LBLs in the unselected segments are much faster than
that of the selected sub-array coupling to the cell. As a result,
high-going LBL feedback by the FB PFET in the any unselected
sub-array also contributes to discharging the RBL.

Fig. 3(b) shows the four transistor SA design. In order to
save power and overcome the PFET leakage problem, the PFET
header (PH) is introduced. The gate of the PFET PH is con-
trolled by the master-wordline signal (MWL), which runs per-
pendicular to the LBLs. The signal MWL goes low when a WL
in the corresponding sub-array is activated. This enables a pos-
itive PFET FB feedback only to the selected LBL. The MWL
signals in unselected sub-arrays stay high, preventing a positive
feedback to the LBLs in the unselected sub-arrays.

In addition to the FET PH inclusion in SA, the source of
the PH is coupled to the BL high voltage supply (VBLH). The
VBLH voltage is generated by VBLH generator located on the
top of the embedded DRAM macro, and optimized for the SA
operation during the BIST test. The 4T SA design with PFET
PH and VBLH supply reduces not only the stand-by power by
the PFET PH and FB stacking, but also AC power by preventing
the unnecessary transition on unselected LBLs in an active state.

C. Line-to-Line Coupling in 3T and 4T SA

The tight M2 RBL and WBL in 3T and 4T SA architec-
ture create a high coupling ratio and disturbance effects during
a sense and write operations. Fig. 4 describes three potential
coupling mechanisms for the adjacent three columns, creating
during a write to the center column, labeled as the write ag-
gressor. The first mechanism involves writing a ‘1’, where the
center RBL ) falls, coupling the right WBL
below ground. The bounces the source of the read head
device (RH) to below ground, increasing the RBL leakage. This
reduces the 0 sensing margin. The second mechanism involves
writing a ‘0’, when the center WBL rises, it cou-
ples the left RBL above VDD, delaying the positive
feedback and refresh of ‘1’ resulting in a performance degra-
dation. The third mechanism, involves the half-selected LBL
that share the same global. When the RBL falls, it couples the
floating half selected LBL below ground, effectively increasing
Vgs and array device leakage. The cells in unselected sub-ar-
rays see more negative coupling than the selected sub-array, be-
cause the LBLs in the unselected sub-arrays are lightly loaded
(not coupled to the cell capacitor). This results in retention time
degradation. These three coupling mechanisms may create var-
ious pattern sensitivities, which not only reduce the yield of the
embedded DRAM macro, but also make it difficult to find the
weak cells. Six transistor SA (6T) is introduced to overcome
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Fig. 4. Line-to-line coupling mechanisms.

Fig. 5. 6T macro-sense amplifier architecture.

the line-to-line problem, improving the performance while re-
ducing power dissipation.

D. Six Transistor SA (6T SA)

Fig. 5 shows the detailed 6T SA array architecture,
which includes a 6T SA, a GSA, and DSA. The NFET
pre-charge/write0 device (PCW0) in 3T/4T SA design is split
into a precharge NFET (PC) and a write-0 NFET (W0). In
addition to the PC and W0 separation, the NFET footer device
(NF) is included to enable the NFET read head (RH). The
master-wordline equalization signal (MWL EQ) controls PC
and PH devices while the master-wordline read-enable signal
(MWL RE) controls the NF device. The MWL signals are
routed on M3, perpendicular to the LBL, and activated only in
the selected sub-array.

All cycles start in the pre-charge condition with GSA equal-
ization signal (EQ) low, holding RBL high and WBL low.
When the sub-array is selected, the signal MWL EQ goes low
in the selected sub-array. This disables the NFET PC, floating
the selected LBL. MWL EQs in the unselected sub-arrays stay

Fig. 6. Simulated Write 1 Read 1 Write 0 waveforms.

high, clamping the un-selected LBLs at GND. This overcomes
the coupling mechanism-3 and eliminates the chance of an
unselected LBL drifting high causing a read ‘0’ failure. The
low-going MWL EQ also turns on the pMOS head device
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Fig. 7. Simulated line-to-line coupling effect for 4T and 6T �SA sensing operations. (a) Read 1. (b) Read 0.

(PH), enabling the PFET feedback device (FB) for direct write.
In order to manage the write coupling created by the tightly
spaced M2 runs, the extended pre-charge scheme absorbs
coupling caused by writing to an adjacent RBL/WBL pair. This
is realized by controlling the signal EQ for the top and bottom
GSA independently. When writing to the even column, the EQ
controlling the even columns (lower GSAs) is released to enable
direct data write, while the EQ controlling the odd columns
(upper GSAs) is held in pre-charge until write transition is
complete. The extended pre-charge scheme absorbs coupling
mechanisms 2 and 3 without creating a write power burn or
impacting refresh cycle time. The write power burn is avoided
by delaying the activations of the master word line read enable
signal (MWL RE). This delay does not impact refresh cycle
time because LBL signal is not fully developed until after the
write data have been written. This delay also favors a read zero
by reducing the amount of time RBL is exposed to leakage of
the Read Head RH device.

Write data is delivered to the DSA, via M4 write data lines
(WDT/WDC). Initially low, WDT or WDC is remotely driven
high during a write. To write a ‘1’, WDT is driven high, DSA
will drive Local Data-line Complement (LDC) low, pass to the
column selected by the corresponding CSL, and pull RBL low.
This forces LBL high, writing a ‘1’ into the node of the se-
lected cell. To write a ‘0’, WDC is remotely driven high, DSA
will drive Local Data-line True (LDT) low and pass to XT of
the GSA selected by the corresponding CSL. This forces WBL
high, driving LBL low, writing a ‘0’ into the selected cell.

When a read command is accepted, read data are transferred
from the cell to the LBL upon activation of the selected word-
line (WL). After a small delay to allow signal to develop, a
master-word-line read enable signal (MWL RE) is activated for

the SA in the selected sub-array. For a stored ‘1’, LBL will rise
at least 1 threshold above the read head NFET (RH), weakly
pulling RBL low. When RBL falls below the threshold of the
feedback PFET (FB), LBL is driven to a full high level. This am-
plifies LBL charge, refreshes the cell, and strongly drives RBL
low. Note that refresh of a ‘1’ is self-timed, requiring no ex-
ternal control. RBL falling will pass from the selected column
to the DSA, driving M4 read data line RDC low. For a stored
‘0’, LBL remains low, RBL remains high and WBL remains low
until external timing signal SET triggers GSA to evaluate RBL.
With RBL high, XT falls, driving WBL high, driving LBL low
and refreshing the ‘0’. Fig. 6 shows the simulated waveforms for
write 1, read 1, and write 0, demonstrating successful operation
of 500 MHz random cycle operation.

E. Analysis

Fig. 7(a) shows simulated array waveforms for a refresh ‘1’
in the 4T and 6T SAs. This simulation is done with a 5 sigma
worst case array device and 4.5 sigma slow read head device
(RH) at low temperature and low voltage. This extreme condi-
tion is meant to demonstrate the difference in the design points
for analyzing sensing “1”. As discussed in the previous section,
the high-going WBL for the write 0 couples into the adjacent
RBL (Write 0 Disturb). Large up-coupling on the floating 4T
RBL can be seen to delay RBL discharge, resulting in a 10%
delay increase from WL rise. Additionally the low-going RBL
couples the Half Select LBL below Ground, creating a reten-
tion loss in 4T SA, however, the 6T successfully clamps the
half selected LBL at Ground and sees no retention loss.

Fig. 7(b) shows simulated array waveforms for a refresh ‘0’
in the 4T and 6T SAs. To simulate the worst case scenario for
sensing “0”, this simulation is done with 4.5 Sigma Fast Read
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Fig. 8. Global sense amp simplifications.

Fig. 9. Sense amp area.

Head device and operated at an elevated Voltage and Tempera-
ture to increase leakage and coupling. Once again this extreme
condition is meant to demonstrate the difference in the design
points. The low-going RBL couples the adjacent WBL below
GND (Write 1 Disturb). Small down-coupling on the both 4T
and 6T WBL can be seen when the adjacent RBL goes low. In
the 4T Case, it creates Read Head Source Leakage through all
8 Read Head (RH) on the WBL. The 6T Read Head Source is
not connected to WBL and is not subject to increased leakage.
Additionally the 6T RBL is clamped high by the extended pre-
charge. When the read is enabled, only 1 of 8 are enabled, fur-
ther reducing leakage on RBL. The simulated waveforms show
a slope difference in RBL leakage due to Half Select Read Head
leaking in the 4T case and Footed off in the 6T case. The com-
binations of extended pre-charge and read footers increase read
zero margin by more than 500 ps, or 64% as measured from
Word-Line Rise, significantly improving the set timing window.

This 6T SA architecture does require more devices to sup-
port a LBL, however, the design of the GSA can be simplified
as shown in Fig. 8. The 3T and 4T share the same GSA design

Fig. 10. Active power savings.

Fig. 8(a). Because WBL controls both Local Pre-Charge and
Write zero, a NAND gate was required in the GSA to merge
these functions. It should also be noted that the NAND gate
needed to be large enough to sink the RBL discharge current
during a read ‘1’. Finally, a large EQ device was required to
absorb RBL coupling from WBL falling at the beginning of
the cycle. The 6T control gets simpler, by adding independent
pre-charge control to the uSA, WBL can remain low in standby
and the NAND gate in the 3T/4T GSA can be converted into
a simple inverter in 6T GSA shown in Fig. 8(b). Furthermore,
adding the NFET footer, locally sources the RBL discharge cur-
rent, allowing the inverter to be reduced in size. Without the
WBL low transition at the beginning of the cycle, the RBL EQ
device, no longer needs to absorb WBL down coupling and can
also be reduced in size. These simplification and device size re-
ductions in the GSA offset the area increase in the 6T SA.
Fig. 9 accounts for the area changes in uSA/GSA architecture
in terms of logic gate tracks. Although the 6T increase the uSA
area by 5%, Design simplification and distribution row redun-
dancy result in almost a 4% reduction, overall only 1.7% area
increase in the 256 Kb Array was realized, which is negligible
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Fig. 11. BL high voltage generator: (a) regulator circuit, (b) reference voltage circuit.

Fig. 12. (a) Cross section of deep-trench cell and (b) chip microphotograph for POWER7™ microprocessor.

at the microprocessor level. Fig. 10 accounts for active power
savings realized by 1) The 4T PFET Header eliminating the un-
selected LBL (39%), while the 6T SA eliminated the WBL
pre-charge power, representing a 45% Bit-Line Power Reduc-
tion over the 4T SA.

V. BL VOLTAGE GENERATOR

A BL high voltage (VBLH) generation is accomplished
through a digital linear voltage regulator that modulates the
gate of a PFET transistor connected between the power supply
and the output voltage VBLH. The PFET gate is pulsed low if a
comparator decides that VBLH is below the reference voltage.
This operation charges the capacitance on VBLH and supplies
some transient current to the circuit. Once charging has brought

the VBLH voltage above the reference voltage, the pulsing
ceases and the PFET gate is driven high, turning it off.

The digital voltage regulator is composed of a resistor ladder,
input reference mux, unity gain buffer, digital comparators and
a pair of very wide output PFETs as seen in Fig. 11(a). The
input reference mux is used to select an analog reference voltage
that will be buffered to the digital comparators via an analog
unity gain buffer. This analog reference voltage can be chosen
using digital tune bits as either a tap off a resistor ladder between
the power supply and ground, or an external analog voltage,
vref VBLH, which is based on both a constant voltage as well
as the power supply.

Fig. 11(b) shows the external analog circuitry necessary to
generate a highly accurate voltage with these characteristics.

is a current which is generated by buffering a bandgap
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Fig. 13. Hardware results: (a) random access time, (b) random cycle time.

Fig. 14. POWER7™ single core microphotograph and embedded DRAM features.

voltage to a resistor and so is equal to .
Resistors R1 and R2 complete the circuit, creating the following
voltage equation that is based on resistor ratio rather than abso-
lute resistance. Note that VCS is the power supply voltage:

This circuitry is located outside the DRAM macro in the
charge pumps that generate VPP & VWL. In this way, one large
bandgap generator that is already being used for the charge
pumps can provide a vref VBLH voltage for multiple DRAM
macros without a huge area penalty.

The unity gain buffer is composed of a basic folded cascode
differential amplifier and is used to provide a low impedance
input voltage to the digital comparators. This is critical because
the digital comparators will pre-charge for half a cycle before
sensing the voltage difference in the next half cycle.

In order to reduce the tolerance of the comparators, three
comparators vote on whether the regulated voltage was above

or below the reference voltage. This vote is pulsed to the
PFET output, charging the output capacitance and increasing
the output voltage. There are two banks of these voting com-
parators, each operating on opposite clock phases. This has
the advantage of decreasing the sampling latency as well as
reducing the ripple on the output.

Decoupling on the VBLH supply is provided by deep trench
capacitance, similar to the structures in the DRAM. The capac-
itance is placed between the supply and ground and is spread
out throughout the DRAM macro to provide a low impedance
path to all the circuits requiring VBLH. The total area of the
capacitance is determined by the transient current loading since
most of the instantaneous charge must come from this capaci-
tance. The regulator will restore this charge on the next regu-
lator clock cycle. The VBLH generator lowers the POWER7™
VDD wide voltage supply window to stable eDRAM array
voltage window. This will minimize body charging within the
SOI NFETs of the memory cells, improving the embedded
DRAM yield.
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VI. HARDWARE RESULTS

POWER7™ architects took full advantage of this concept,
using eDRAM to build a fast local L3 region very close the each
core to maximize L3 performance. Fig. 12(a) shows an SEM of
the Deep Trench Capacitor and Array Device. High capacitance
is achieved by digging through the SOI and Buried Oxide, 4.5
um into the P-type substrate. The expanded red box shows the
Bit-Line Contact, Array Pass Device and silicide strap forming
a low resistance connection to a 18 fF deep trench. The DRAM
cell is fabricated on SOI and utilizes the same thick oxide as the
base technology. Conveniently, the buried oxide provides iso-
lation between the SOI and substrate, eliminating the need for
the oxide collar required by bulk technologies to protect against
vertical parasitic leakage. In addition to utilizing the trench for
memory, POWER7™ also used the high capacitance trench for
on-chip power supply decoupling, offering more capaci-
tance than planar structures.

Fig. 12(b) shows the chip micro-photograph of the
POWER7™ microprocessor. It consists of 8 cores for a
total of 32 MBytes of shared L3 cache in a 567 mm die.
The 1.2 Billion transistor design has the equivalent function
of a 2.7B transistors processor due to the efficiency of 1T1C
embedded DRAM. When Compared to a typical processor that
dedicates 40–50% of its die area to L3, embedded DRAM only
consumes 11% of the die. One would ask why we did not add
even more memory? The POWER7™ architects instead chose
to use the area to balance the overall system performance by
adding off chip bandwidth in the form of DDR3 controllers
and SMP coherency links. POWER7™ boasts over 590 GB/s
of total bandwidth and supports 20 thousand Coherent SMP
Operations.

Fig. 13 shows a graph of random access and cycle times as
a function of array supply voltage over the full address space,
demonstrating 1.7 ns random cycle @1.05 V, which also cor-
responds to 1.35 ns access. The macro was characterized via a
built-in self test engine. Fig. 14 shows the chip micrograph of
a single POWER7™ Core and the 4 MB local portion of the
L3, comprised of 32 DRAM macro instances. Fig. 14 also pro-
vides a table to summarize the features of the embedded DRAM
macro.

VII. SUMMARY

We have developed a high density and high performance
eDRAM macro for the highly parallel, scalable, next genera-
tion POWER7™ microprocessor. The evolution of the 6T SA
architecture improves sub-array latency by 10% and 0’s timing
margin by 500 ps. This results in a 1.35 ns random access
time and a 1.7 ns random cycle time while reducing keep-alive
power by 45% with a silicon overhead of 1.7%. Thirty-two
embedded DRAM macros constructs 4 MB L3 cache memory
per core, resulting in eight cores in the 567 mm POWER7™
chip using 1.2B transistors in 45 nm SOI CMOS. This is the
most advanced VLSI design using embedded DRAM so far
reported. The integration of high density high performance
eDRAM in microprocessor has just begun and is expected to
open new era for next generation VLSI designs.
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