
ASSESSING MERGED DRAM/LOGIC 'TECHNOLOGY 

Yong-Bin Kim* Tom Chen** 
*Engineering Systems Lab. MS-55, Fort Collins, CO 80525 

ybk@hpesybk.fc.hp.com 
**Department of Electrical Engineering, Colorado State Univ. Fort Collins, CO 80523 

chen@longs.lance.colostate.edu 

ABSTRACT 

This paper describes the impact of DRAM pro- 
cess on the logic circuit performance of Memory/Logic 
Merged Integrated Circuit and the alternative circuit 
design technology to offset the performance penalty. 
Three state-of-the-art logic processes(0.5 pm, 0.6pm, 
and 0.8pm) and two state-of-the-art DRAM(64Mb and 
256Mb) processes have been selected for the study. 
The simulation results show that the logic circuit per- 
formance is degraded about 22% on DRAM process 
including the increased interconnect delay due to less 
interconnect layers available in DRAM process. The 
silicon area increased up to 80% depending on the 
number of net and com onents when implementing a 
logic circuit in a D R A J  process. 

1 INTRODUCTION 
Since the actual memory bandwidth of a sys- 

tem is limited by off-chip interconnects, the mem- 
ory access time is improved dramatically by utiliz- 
ing the bandwidth available from internal arra s if 
the are integrated into a single chip. For the Lns-  
est $RAM technologies the interconnects provide typ- 
ically 50MB/s of bandwidth per part even though the 
actual bandwidth is much higher. The core of most 
modern microprocessor need 1 to 2 GB/s bandwidth. 
DRAM/Logic merged technology now permits very 
significant amount of logic to be placed on DRAM 
chips meaning that he bandwidth available from in- 
ternal memory arrays can be utilized direct1 by one or 
more CPUs placed directly on the chip. ?he second 
advantage is power dissi ation. If memory bus can 
be eliminated, almost o?memory bus related power 
dissipation which is major ortion of total power dis- 
sipation of the system can {e removed. 

In fact, Neo Magic Cor announced revolutionary 
ra hics controller chip &at embedded 1 Mb frame 

[u&r on the die alongside the controller logic using 
an available 16Mb DRAM process[l]. And a chip 
that merged 1OOK custom circuits and 4.5Mb DRAM 
onto a sin le die has been announced by Loral Federal 
Systems. however, any quantitative investi ation has 
not been done about many o en issues wkich deals 
with the slower speed of the DkAM transistors, rout- 
in area penalty due to lack of metal layers of ty ical 
DRAM process, and circuit technology to offset tfiose 
device performance penalty. In this aper the logic de- 
vice performance penalty of DRAdprocess has been 
investi ated, penalty model has been extracted, the 
gate d i a y  penalty model has been verified with realis- 
tic critical path circuit simulations of the state of the 

art 64 bit microprocessor, and routing area overhead 
has been predicted. 

2 D1FFERE:NCES OF LOGIC AND 
DRAM PROCESSES 

Lo ic and memory processes have been developed 
in digerent directions. Therefore, there are so many 
things different about a DRAM process that DRAM 
arra can not be implemented on logic process. In 
DRXM transistor it is extremely important to reduce 
the leakage current of stora e capacitor throu h pass 
transistor and threshold v&age is increasedgby ap- 
plying substrate bias. Therefore, leaka e current is 
the big obstacle in implementing DRAd using logic 
process, and the leakage current of logic process in- 
cluding all the leakage currents such as tunnelin 
subthreshold currents and its impact on DRAha:: 
fresh c cle have lbeen investigated. The leakge cur- 
rents tgrough gate oxide and junction have been in- 
vestigated using the following equations [2]: 

E, -a 
EO 

J,=GoV-e 

where JO = 6.5 x 1O1O (A/cm2), k is the imaginary 
part of the wave vector,& = 2.9 x lo7 V/cm from 
Fair and Wivell[3], and the preexponential factor Go = 
3 x 10gA/V/cm2 The leakage currents through gate 
oxide and drain 'unction are 0.0018fA and O.O03fA, 
respectively for &=8.25pm, L=0.4pm for gate oxide 
of 95Aand 3V power and 1.73286 x 101'/cm3 doping 
concentration. Those are very negligible. However, 
the subthreshold current on logic rocess is a big issue 
to look at. Using the SPICE B&M model the leak- 
age current has been calculated considering the con- 
tinuity of drain current and the first order equation 
in the subthreshold voltage region[4]. The subthresh- 
old current for 0.5pm/0.5pm of 0.5pm logic process 
is 2.53 x 10-llA. The total amount of leaka e cur- 
rent in the logic process requires 3.19ms refrest cycle 
time because 10% leakage of the total stored charge 
is regarded as a failure. 3.19ms refresh cycle is faster 
than commercially available 64M DRAM refresh cycle 
by factor of twenty. This is the main reason that the 
merged systems have to  be implemented on DRAM 

rocess. The other issue in using logic rocess for 
LRAM is reliability issue. In the current $)RAM pro- 
cess, the DRAM cell leaka e current should be less 
that 1fA in order to pass reEability specification. The 
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breakdown volta e of the storage capacitance is an- 
other problem. D%AM processes uses a special dielec- 
tric structure(Oxide/Nitride/Oxide) to increase the 
breakdown voltage of the storage ca acitor. The last 
problem of using logic process for 8RAM is contact 
resistance and capacitance of the bit line. In order 
to secure enough sensing margin, the ratio of CB(bit 
line capacitance) to  CS(cel1 capacitance) should be not 
more than 15 to  1. As die size increases by using logic 
process the routing ca acitance will be increased apd 
it will be another chalEngini issue to keep that ratio. 

Considering those issues escribed above, it would 
be reasonable that DRAM/Logic merged integrated 
circuit would be built on a DRAM process. 

3 PERFORMANCE IMPACT OF 
MERGED LOGIC/DRAM ON 
STATIC LOGIC GATES 

Since logic and memory processes are on diverg- 
in paths, there are so many differences between 
DRAM and logic process parameters. Three indus- 
try leading logic processes and two industry lead- 
ing DRAM processes(64Mb and 256Mb) have been 
used for comparison, and very extensive circuit sim- 
ulations have been performed using the device pa- 
rameters to find out gate performance penalty of 
using DRAM process or logic components. The 
threshold volta e of DRAM process, therefore, is in- 
creased more t i a n  0.6V comparing to  that of logic 
process due to the substrate volta e applied to re- 
duce the leakage current. Thi! thresio!d voltage shift 
causes performance degradation of lo ic circuits The 
three logic processes are 0.5pm O.&m, and 0 . 8 ~  
CMOS processes. The two DkAM processes are 
0.5pm 64Mb and 0.4pm 256Mb DRAM process. Even 
thou h minimum channel lengths of those processes 
are fifferent, the processes are contemporary ones. 
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Fig.1 Average Gate Penalty VS. (MD:ML) 

In order to find out the minimum penalty, different 
device eometries have been tested for five different 
gates. h g . 1  shows the average penalty as a function 
of (MD:ML). MD:ML is the ratio of (W/L)DRAM to 
( W / L ) ~ o c r c .  As shown in Fig.1 the average logic 
gate performance degradation is about 21% as mini- 
mum when (W/L) of the transistors on DRAM process 

is increased 29% comparing to the (W/L) of the tran- 
sistors on logic process for the same gate. 

Table 1. Logic gate performance comparison 
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Fig.2 Driving capabilities of DRAM and logic gates 
The input capacitance C ~ N  of a MOS transistor con- 
sists of the following components[5]. 

1. CGBO - Gate to bulk parasitic capacitance 

2. CGDO, CGSO - Gate to  drain and source para- 

3. C o x  - Gate Oxide capacitance 

sitic capacitance 

fB(v), fo(v), fS(v), Fo(v) are voltage dependent func- 
tions. Combining those individual terms, C ~ N  is given 
by 

CIN = CGBO x L x f ~ ( v )  + CGDO x W (3) 

(4) + CGSO x W + Cox x W x L x Fo(w) 
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In DRAM rocess, all of those CGBO, CGDO, CGSO, 
and COX !&tors are larger than those of logic pro- 
cess. Consequently, those factors increase the input 
gate capacitance up to 60% for the same fanout gates 
comparing to  lo ic devices.. The 21.3% gate delay er 
formance degra8ation in Fig.2 matches with the !at, 
in Table.:! 

4 PERFORMANCE PENALTY ON 

In real circuit design, device sizes are optimized and 
ratioed so that a particular ed e is faster than the 
other for critical path circuit. I f the  critical path cir- 
cuit has to drive a long distance, the circuit may have 
to be designed so that it is less sensitive to  any noise 
and ground bouncing. Therefore most of the criti- 
cal path circuits are non-standard type of ates. In 
order to investi ate the realistic circuit peformance 
penalty on D R i M  process, those non-standard type 
circuit s performance has to  be studied to find out if 
the circuit performance penalty model can be applied 
to the non-standard type circuits. Total twent real 
critical path circuits have been selected to veri$ the 
gate delay penalt model from state-of- the-art & bit 
microprocessor. ?he simulation results and gate delay 
penalty are shown in Table 3. As shown in Table.3 
the logic gate delay penalty is well matched with the 
model. 

REAL CMOS CIRCUIT 

5 ROUTING AREA PENALTY 
interconnects 

but on1 one or two metal layers. logic processes 
have onyy one or two poly layers, but it usual1 has 
four or more layers of metal interconnect. wit{ two 
metal layers, a penalty has to be paid in routabil- 
ity, size and per ormance. The longer average metal 
line will add more capacitive and resistive load to  the 
driver. In order to  investi ate area penalty of CMOS 
circuits implemented in 6RAM process due to less 
routabilit and wiring capacitance increase er net, 
nine blocls have been selected out of state-oEthe-art 
64 bit microprocessor design, and routing simulations 
have been performed with two metal layers and four 
metal layers using automatic routing and placement 
tool. The average wiring length per net can be found 
b dividing the total metal interconnection length of 
a i  the metal layers by the total number of nets for 
both two and four metal layer cases. Table.3 shows 
the area and wiring capacitance per net of those nine 
test circuits for both two and four metal layer pro- 
cess. The results show that the wiring capacitance 
per net is increased b 20.85% if the same circuit is 
routed using two levermetal layer process. But the 
absolute capacitance increase per net is only 7.6R per 
net. When the wiring capacitance increase is reflected 
on the total gate delay performance penalty, it is ad- 
ditional 1.5%. But this data is valid for intra-block 
routing. Considering global clock and power distri- 
bution, the performance penalty due to routability 
will be worse than this at chip level depending.on 
chip size and block sizes. Therefore, block partition 
is critical in order to minimize the routin penalty 
and extra efforts should be taken for cell li%rary and 
macro cell development so that they meet s nthesis 
requirements by leaving more routing channeg inside 
the cell. It is obvious that the routing channel area 
will be increased as total number of nets and compo- 
nents in a circuit increases. Using the routing simu- 

Memory processes have many pol 

lation results in this research, an area penalty ,model 
is derived by fitting the curve using the simulation re- 
sults. Fig.3 shows the trend of area penalty as a func- 
tion of total coniponent used and total number of net. 

z=arblnx+cy (a=-62.71 b514.97 c=0.015) 
P=0.9289068 DF Adj rZd.88625089 FitStdErr=8.6690977 Fstat=39.198131 

Fig.3 Routing area overhead 
As shown in Fig.3 The area penalty is more sensitive 
to the number of net than to  the number of com- 
ponents. The fitting equation representing the area 
penalty trend is given by 

2 =: a +  b x h ( X )  + c  x Y 
a = -82.7, b = 15, c = 0.015 

(5) 
( 6 )  

,where Z is the area penalty and X and Y are number 
of component and number of net ,respectively, 

6 ALTERNATIVE CIRCUIT TECH- 
NOLOGY TO OFFSET THE PER- 

It is important for circuit desi ners to select appro- 
priate logic family to  implement qogic function and to  
meet the design specification. Low power logic design 
uses static, dynamic and pass transistor lo ic, and spe- 
cial logic families. Pass transistor lo ic okers reduced 
transistor count by eliminating the #MOS transistors 
and it provides improved speed. However, comple- 
mentary ass networks are desirable to achieve good 
logic levers. The number of drain-source connections 
at the output is effective1 doubled hence doubling 
the output capacitance a n i  making 6MOS pass tran- 
sistor networks inherently slow. As a result, this pass 
logic offers on1 moderate area and speed improve- 
ments. S ecial Lgic circuits include adiabetic circuits, 
self time! circuits. The primary disadvanta e of adia- 
betic logic is tlhe requirement of the ramp aock. The 
power supply for this circuit requires a power reso- 
nant circuit to  provide the ramp clock si nal. Self 
timed circuits fall into the general class of adaptive 
clocked circuitis. The disadvantages of this circuits are 
that they are com lex to design and reduce system 
performance if bloc5s are allowed to go into a "sleep" 
mode. On the other hand dynamic logic gates use 
only one of the two networks which form a static gate, 
taking into account the simplicity of interconnection, 
for complex blocks of gate with several inputs a sav- 
ing of more thLan 50% in the layout area is expected. 

FORMANCE PENALTY 
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Table 2. Performance difference of critical paths for DRAM and logic process 

circuit2 I 14 308 

- I Logac Depth I No.of Gates I Logic Process(nS) I D R A M  Process(nS) I Performance Penalty(%) 
circuit1 I 12 I 516 I 3.02 I 3.68 I 21.85 

3.43 4.05 18.07 

circuit15 
circuit16 
circuit17 
circuit18 
cricuitl9 

6 101 1.32 1.65 25.00 
6 101 1.43 1.78 24.48 
9 240 2.49 3.13 25.70 
7 240 1.56 1.94 24.36 
8 240 1.88 2.30 22.34 

circuit20 I 5 

The CMOS dynamic gates offer much faster gate delay 
than CMOS static gates not only because it has less 
gate loading but also its gate threshold is actual device 
threshold.(Static gate’s threshold is generally (VDD- 
VSS)/2.) The dynamic gate performance benefit was 
looked into using the same methodology used for static 
gate performance penalty. The same critical path cir- 
cuits used for the logic gates performance analysis have 
been implemented using dynamic ates and simulated 
with DRAM rocess parameters. 8, most of the cases 
the penalt ofusing DRAM process for logic circuits is 
overcome gy using dynamic gates. Furthermore, since 
dynamic gates are positive logic gates(AND, OR, etc) 
the number of lo ic level could be reduced by taking 
advantage of the yogic polarity. 

7 CONCLUSION AND DISCUSSION 

This paper resented the circuit performance, rout- 
ing penalty of using DRAM process for logic com- 
ponents of DRAM/Logic merged integrated circuits, 
and alternative circuit technology to offset the penalty. 
The simulation results show that there is 22% logic 
circuit performance degradation including routing ca- 
r i t a n c e  penalt when they are implemented using 

RAM process. %hat amount of penalty can be offset 

16 1.00 1.22 22.00 

by using dynamic circuit technologies. This paper has 
demonstrated the penalty of using DRAM rocess in 
a uantitative manner and will be a ood reLrence for 
DgAM embedded circuit design in t%e future. 

- 
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