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An Optimization Technique of Code allocation and Memory Configuration
for Low Power Embedded Memory Systems
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The on-chip memories generally use higher supply (VDD) and higher threshold (Vth) voltages
than those of logic parts to improve the static noise margin and to suppress the static energy
consumption. This design policy, however, increases the dynamic energy consumption. This
paper proposes a hybrid memory architecture which consists of the following two regions; 1) a
dynamic energy conscious region which uses low VDD and Vth and 2) a static energy conscious
region which uses high VDD and Vth. This paper also proposes an optimization problem for
finding the optimal code allocation and the memory configuration simultaneously, which min-
imizes the total energy consumption of the memory under constraints of a static noise margin
(SNM), a memory access delay and an area overhead. The memory configuration is defined
by a memory division ratio, a β ratio and a VDD. Experimental results demonstrate that the
total energy consumption of our original 90nm SRAM can be reduced by 49.7% with a 7.17%
area overhead without degradations of SNM and access delay.
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4<?71 ?�^�¢	_
'a
^­�²)´�����1"���� �"�B�
:13b��c 5%d$P!Q<1$~3`o� ^ 9 (σvth ∝ 1/

√
LW )11). ��ef K 'g
^­�²�´!��� AC1, LD2, DR1 9�: DR2 1�t

u�L�NYX���w���w�T�,O
Ë­�²�´����)1"�(�� �"�B�
�5
n �1�Y8��	P�Q
�!x6yb4�a�qr9�;��!1�f�1 SNM X�x
yl46?!X�����_�R SNM 5�_�T�>��! :1!/�? 5bH
9�;

SRAM �!"!1 SNM X����(�h)%�:¨k%��h�1²�� �.�i S$R P"QoX # 5, 6 j�$Bk3l SPICE m�n	o�p
q"r�ps j3t;u v�w 90nm x�y7z�{[w6p�qBr	p s-|.} v�~%�3l} va~�� SPICE p;qhr�p s t;���	���B��� ���	�Bw�B���
2 �	w6x	y�z�{[�hx3���;� |���� ~���� � l��� t-��� |%��� ~7�6p-q6r�p s.����� HP �% �¡�l	¢£ � � t ¤�¥	��¦ |7��� ~%�Bp�q6r	p s§����� MP �

 [¡�l MP w ��¨ HP © � ¢3�;������w	ª��hp-q6r�ps«��� � l�¬�­"�"®
¯h°�±����;�[j[²�³ ��´�µ�¶	· t¸ ±�{�¹+º�±�{�w ¶�· |%»�¼ k � ��½ 125 ¾ | ´�µ ~
�[l��;���	��w�¿�ÀÁ��Â�w;Ã�Ä�Å�Æhta¹.p	�3Ç[{BÈ
wÉ q�Ê ¨ L=100nm, W=150nm w�Ë"j 20mV ��~�Ì
n t 2.5 ��~-��l�Í 5 w[Î�ÏhÐ�ÀÁ��Ñ���� , �3�B���
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5 SNM vs Vdd, β ratio
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6 SNM vs Vdd, β ratio

|���� � � SNM
¨�� � k ��� � ¨�	�
 � Â � l
�-�

�3�����Bwhy ±���oB¿�À%�"Â |7»	¼ k � � SNM w �¨�� � k ��� � ¨�	�
 � Â � l ��� k ��� q6r s����� m sÁ� t DE ���Bw��	Ñ��	� , � ���	� |���� � �
½ SNM

¨�� � k � l � w�� µ �Bw � ��|��� k � �
½�Ì DE �!��j�t SE ����© � ¢�"1Â � β ratio

|�#
� SARM z�o | v�� � l β ratio �-t	Í 3 $3w ¹.p	�
Ç	{6È DR � AC w É q�Ê�% �B� � l�Í 6 j β ratio

� SNM w�&�' |�( k3l β ratio w�)+*"j3t/¹«p��;Ç3{
È DR w�,	± ¹.- W w�/ |�0 �21436��� � l3Í 6 Ð
À β ratio w�"�Â � z�o | v6� ��� � � SNM w � �|5�� 6� Â �!� � ¨+6 Ð � l β ratio w+"1Â � SRAM

z�o | vB� �!� �;t SRAM z�o�w87+9hw�:!" |�; Â< � k3l�~7Ð�~ � m s>=�? w+@�A�B�C+D	� |%»FE � ��ÌG�H �
DE ����wJI�Kht � m s w8L+I�K"j4M/~Á�+NF1

���PO8Q�1�R � ��½�Ì � m s ¬�­�L8S!T�w�7+9Bw���±U ±�V ��� t�W E ÀXR � �5O ´ k � l
2.5 Y�Z![�\J]F^+_a`cb�dJe�f�g�h�i�j!k8l8]
DE �!�hÌ SE ���mT�w�nmB	¤�¥!o!p�omq	±�Ì�r!s
zB{�t�uBË�A+vxw�y+���6w8zxB�¤	¥���¦Bt�¬�­���®�¯
°7±��1�;��j�© � i ½ � l � R0À�t �	Ñ��	� , β ratio

j4{�|�k � l}�-��n�B�¤�¥�o�p�oxq3±	ÌFr�s-z�{Jt�u
Ë�A�t � m s w8~+��%"j	¢4{�|�k � l�~���%�w�{�|F&
' |�»[¼ k � �[½[Ì�� � ¹«p�q6�3j5�+��1�R � SRAM

z�o�wJ� | vB����ÌFr�s-z�{Jt�u�Ë�A�Ì+n�B[¤�¥�o�p
oxq3± | 1 ��� �8�8� k � l[Í 7 t!� � ¹.p-q"�[j4�
�}1�R � SRAM z�o�w8�0�Jr�s
zB{�t�uBË�A�Ì�n!B
¤	¥�o�p�o!q[±	w�&�' | ¬�­"�"®-¯"°�±����
��j�© �
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7 Dynamic Poewr and Delay model

� ½��
Î�Ï ��� � l�Í 7 Ð�À�Ì�r�s-z�{Jt+uBË�AJ��¤
¥!o!p�omq	±Bt�y�� � ¹%p q���j����
1�R � SARM

z�o�wJ�Bw 1 ������~Á� �8��� Â � �P� E � lJn�B[¤
¥�o�p�oxq3±	Ì8z!B[¤�¥	��¦�Ì!r�s-z�{�t+u�Ë�A�j��E ÌJ��* �+�!� � SNM

| o � s�r � xJ�	±"r
o ��~
�3v���~���²BÂ�Ì���* �8��� � G�H �!��� |P����� j� vBk � l

3. �
�}���
�m�¡ �¢
£F¤
¥2¦�§x¨
3.1 © ª
• A : «�¬+­¯®4°�±�²´³4¬�µ�¶�·X¸4¹Pº
• Ni : i »x¼>¹�«�¬�­½®�°J±�²¾³�¬�µ�¶�·�¸�¿¾À!ÁÃÂ+ÄÅ�Æ ­.Ç8ÈPÉ�Ê�ËxÌÍ¹�ÎPÏ SPM ¿ÃÐ�Ñ8Ò¾Â8Ä Å�Æ ­.Ç
ÈPÉ�Ê�Ë!ÌÓ¹Pº

• MS: SPM ¹�Ô�Õ4Ö [byte]
• s: DE ×�ØJ¹PÕ4Ö [byte]
• Ti: i »!¼½¹J«�¬+­¯®5°�±�²´³4¬4µ�¶�·X¸4¹PÙ4Ú�Û�Ü
• FSi,j : i »�¼½¹�«�¬8­.®5°�±+²Ã³5¬5µ4¶�·¾¸5¹ j »�¼½¹Å�Æ ­.Ç8ÈPÉ�Ê�ËxÌÍ¹PÕ�Ö [byte]
• ACCi,j : i »�¼½¹�«4¬8­.®5°�±8²Ã³5¬4µ5¶�·¾¸5¹ j »�¼
¹ Å�Æ ­ÝÇ+ÈPÉ�Ê�Ë!ÌÓÞ�¹�Ô�«�Ë´ß�à�á´º

• V DDDE,SE: DE ×4ØJÏ SE ×�ØJ¹Pâ�ã4â4ä [V]
• βRDE,SE: DE ×PØ�Ï SE ×5Ø8¿½å�æ�Ä SARM ßPç4¹

β ratio
• EDDE,SE(V DDDE,SE, βRDE,SE, s):

DE ×�ØJÏ SE ×�ØJÞ4¹J«�Ë´ß�àXè�¿¾é4ê�Ò>Â8Ä¾ë�ì5é
ê�í�î4ç�ïP°

• PSDE,SE(V DDDE,SE, βRDE,SE):
DE ×�ØJÏ SE ×�ØJ¹ 1 ð�ñ2Ìcò!ó.¹�ô�ì5é4ê�â�õ

• DDE,SE(V DDDE,SE, βRDE,SE, s):
DE ×�ØJÏ SE ×�ØJÞ�¹�«�Ë´ß�à�ö4÷�Û�Ü

• SNMDE,SE(V DDDE,SE, βRDE,SE, σvth):
DE ×�ØJÏ SE ×�ØJ¹ SNM

• ai,j : 0-1 ¹�ø5º . i »�¼½¹�«�¬�­ù®5°�±�²>³5¬4µ5¶�·¾¸
¹�úc»x¼>¹ ÅPÆ ­ùÇ�È5É�Ê�ËmÌüû DE ×�Ø�¿¾Ð�Ñ+Ò´Â
Ä�ý4þP¿ 1 Ï�ÿPÂ�����¹�Û 0 �

A, MS V DDSE , v�w βRSE t��B¦a�6~-���
E À

R � l
3.2 	�
��
���
�����6½�j+r�x s º�±����
�	x	y���p��Bj��
�PR �

k � ��w � m s �"r[Ç���sa¹ wx$�Ð1À SPM j�����k� � m s �Br;Ç��Js ¹ |�� µ k � l ��! � t SPM "#�
��k � � m s ��r[Ç$��s/¹§t SPM T�w&%�r�s
z�{�¬
� ¨ G "�� ��� © £ " � µ k � l SPM "��'�	k � � ms �hr3Ç���s/¹ w � µ�( Ì�r�s
z�{Jt+u�Ë�A�Ì SRAM

¬-­hw8� µ � (SNM) ²6©JwJ7�9B��± U ±�V ��� w&)*'+', ���
SPM w&%�¤�¥�o�p�oxq�± | G N	��k � �

4



m s���� (DE ����w3��Ñ�����Ì DE ����� SE ����w
~���%6²�©�w DE ���Bw SRAM z�o�w β ratio) ²�©
w��7± � �$� |�� µ k � l��4B�&��h²�©�w�) *�+�, t� � w8� (1)-(6)

� � E À¾R � l TDelay v�w TSNM t� m s ¬-­�L�S | SE ���6w
	���wJ���0��~%����
0~
�����BwFr�s z6{8t�u6Ë!A�vmw SRAM z�o�w SNM�h� � l AAO t���IBk � 7�9"w���± U ±�V ���+�h�� �	¦1��~Á��� E � l G�H � � m s���� t3� � ��Ð�w
r�x s º	±����
�	x�y���p���Ð À ��� r�x s º	±B���
� � � qh�&"�M0~Á� � µ 1�R�Ì G�H � �7± � �$�Bt�r
x s º�±���� �	x�y���p���� " � µ 1�R � l

Minimize :

A
∑

i=1

{

Ni
∑

j=1

EDDE(V DDDE, βRDE , s) · ACCi,j · ai,j

+

Ni
∑

j=1

EDSE(V DDSE, βRSE , s)·ACCi,j ·(1−ai,j )

+Ti · {PSDE(V DDDE, βRDE) · s +

PSSE(V DDSE, βRSE) · (MS − s)}} (1)

For each k = 1 · · ·A

Nk
∑

j=1

FSk,j · ak,j ≤ s (2)

Nk
∑

j=1

FSk,j · (1 − ak,j) ≤ (MS − s) (3)

DDE(V DDDE , βRDE , s) ≤ TDelay (4)

TSNM ≤ SNMDE(V DDDE , βRDE , σvth) (5)

area overhead ≤ AA.O. (6)

4. �������
4.1 �������
�! 
"$#�% "[t 32 � � ¹ w RISC x	y�z �7É SH3-

DSP
| v6���	lxs�y � s'&$(���t 400MHz

|*) µ ~
� l%¬%­6�6®Á¯�°.±��B�%�7w ¶[· t {�È[� U q[Ë � t �� n�+�Ë�w s ±!s7��, | ´	µ k � �[½ 75 ¾ �	~%�3l�r
x s º�±��"��� � � q"� t JPEG,MPEG2, compress

w.-§�	w!r�x s º�±����;��x	y���p��	Ð�À ��� 1�R �
¢�w ��~
�	l 3 /�0hw SPM I�K "�Mg~7�!#1% |'243
� l �3Ñ�� �Bt 0.7V Ð�À 1.2V � � 0.1V 5�/3Ì βratio

t 1.0 Ð À 4.0 � � 0.33 5m/ � � E ��l G�H �m���
w���¦ �B� � V DDSE ,βratioSE vmw TAO( 7+96��±U ±�V ��� ) t16�R87+R 1.2V, 1.66 vFw 10% ��~
�	l
β ratio �57�9"w���± U ±�V ��� w!&�'�t�Í 4

|:9 ";4< ~-��l ACCi � Ti t SH3-DSP w1=�>�z � ¹§�
®7¯B°Á±��"���-Ð�À@?0À¾R��A=�> ¹%°Á±	{ |B9 "C?B�3l
=�> ¹;°-±�{�w!D
1�t 100 E!=�>a�B~;��l��� �"F#
% � t ACCi t�Gm/ < ~7Ë�w � m s r!s zB{�w�/ |( ~�ÌIH�ÂBJ�/�Ë	w � m s r�s-z�{�t��
� � ��l86�w

��½Jn�B�¤�¥�o�p�oxq3±�tAG�/ < ~�Ë	w�n!B[¤�¥�o�p
o!q3±	w�/ |BK ~�Ì�H�ÂBJ�/�Ë	w�n�B[¤	¥�o�p�o!q[±
t����5R � ��lI#
%�Î�ÏhÐ1À SPM T�w&%�r�s
z�{ "
M0~Á�
G!/ < ~�Ë	wxr�s-z�{ ¨�L �!B ��� � ��½�Ì$G
/ < ~�Ë�w�n�B[¤�¥�o�p�o!q3±�w�/ |CM
N M!O ��~Á�
¢ Ì�"�- � %�¤�¥�o�p	o!q3±	w M�N ";� � ¨ � l1P E
¿ JPEG, MPEG2

� t � m s T�w&%�r�s;z�{�¬�� "
M0~Á��Ì*G!/ < ~�Ë	w � m s r�s
z�{�w��1�ht 99%

|
Q E � l � Rht SPM T&�
��1�R � � m s �"r[Ç���s
¹ w�R � ¨ H�ÂBJ�/8n1+ ¨IS!T ~ � ��&�� "�© 3 �VU
½1À�RB�	Ð À �6� � � »�E ÀXR � l

4.2 �1��W�XZYB[$\K
1 �;Í 8 "A !"�Î�Ï |4( k3lhÍ 8 $�w+y2r�x s

º�±����;��x	y���p��
"[²�³ �']1^ w ��p1_3t:`1a�w
	���w � m s�����| v����"�[Â-w�%�¤�¥�o�p�o!q3±	w
� ����� Ì K 1 $;w Porg

��� � lcb ^ w
��p
_ t �+�
k ��� qhr s���� � m s r ±$d+�!sIe8f�� G�H �!���|P��� � ��"�© 3 � � µ 1�R�� � m s���� Ìg�7± � �
� | H v/~7�A�!��w�%�¤�¥�o�p	o!q3± ���1� Ì K 1 $
w Phyb

�6� � l K 1 $3w s/MS t DE ��� ¨ SPM

L8S "$U
½ � �1��Ì V DDDE,βratioDE t
G�H �!���|P��� � ��"�© 3 ��?/ÀXR�� DE ����w�%�¤�¥�o�p�o

q ± | G N[��k � G+H � VDD, βratio
��� � l-k � �

wI�!� "�²3���8n�B�¤�¥�o�p�oxq3±�t M
N 1�R���� �
w "4M0~%Ì�z�B[¤�¥�o�p�o!q3±�t�:�" ~Á��� � l�n�B
¤�¥�o�p	o!q3±	w M�N ¨ z�B[¤	¥�o�p�o!q[±	wJ:�"�©� ¢�"�Â-����½�Ì�%�¤�¥�o�p�oxq3±�t�"�- " M
N 1�R
��� � lJn!B[¤�¥�o�p	o!q3± ¨ "�Â �hM
N 1�R��Ai�j
��~Á� G�H � DE ����w É q�Ê ¨ NF1;� � � ¨ »�E À
R � l16�w���½ � �3�	Ñ���� � ¢�t+u�Ë�A�w&) * |*k
�3k � � ¨ � Â�Ì+n�B[¤�¥�o�p�o!q3±	w M
N Ì�z�B[¤
¥�o�p�oxq3±	wJ:���W') ¨ ?/ÀXR��"� »�E R � l ���l!m�| H v�k ��� ��"�© � "�- � %�¤�¥�o�p�o!q3±	wM�N ¨�n � 1�R���� � ¨ Ì 2 * ����� ���
² � ���$lm t SARM ¬
­6w8� µ � |P�� k � �	½ "�7+9hw�:
" |J; Â < � k[lh~�Ð�~ SPM L�S "�MBk � DE ���
w G�H � �1�6t�NF1 ����½�Ì�789BwJ:�"Bt�W E ÀXR��
� � lpo " 32KB w SPM " H v0~��A�!� G�H � DE

����w�%!q6t 7.91%
�B��� Ì�7896wJ:�"Bt 2.20% "4W

0

2

4

6

8

10

12

JPEG MPEG2 compress JPEG MPEG2 compress JPEG MPEG2 compress

8KB 16KB 32KB

To
ta

l E
n

eg
y 

C
o

n
su

m
p

ti
o

n
 [µ

J]

Dynamic Static

conventional

proposed

�
8 Experimental Result

5



�
1 The Experimental result

MS application s/MS V DDDE βratioDE E org [µJ] E hyb [µJ] Reduction A.O.

8KB
JPEG

0.258 0.7 3.33
4.18 2.33 44.3%

7.17%MPEG2 3.85 2.34 39.2%
compress 4.65 2.34 49.7%

16KB
JPEG

0.172 0.7 3.33
6.19 3.72 39.9%

4.78%MPEG2 5.57 3.12 44.0%
compress 6.72 3.63 46.0%

32KB
JPEG

0.0791 0.7 3.33
10.20 6.42 37.1%

2.20%MPEG2 9.00 5.74 36.2%
compress 10.90 6.18 43.3%

E À´R���� � l
#�%�Î	Ï6Ð�À ���!l�m t � m s>=�? w
C�D	� | � v/~Á� � ¤�¥�o�p�o!q3±[� | n � ~���� �
��� E � l}� � � w�Ë[���6Ì SRAM ¬;­hw�� µ �hw� � t ; Â < � ~%��� � ����� £�� ¨ �����B� � l
5. ���	��

� q6r s���� � m s r3±$d8�!sIeFf����7± � �$��wG�H � "�© � �"�Ae � x � m s w�%�¤�¥�o�p�oxq3±	wM1N�l$m�|%��� ~-��l ����l$m�| SPM " H v/~-�p�
�"w� $"�#�% |A2 �BÌA $"6ÎBÏ�Ð/À �x�8l8m t
��Ð� 7�9hw���± U ±�V ��� t ; Â < � kh¢�w�w�ÌB���6Ì
SRAM ¬7­�wJ� µ � | � � 1P3 ��� � � � "+- � ¤[¥
o�p�o!q3±	w M
N�| n ��� Â ��� � | 	�
 ~7��l�� (
w
�+�0��~Á��Ì���! � t�789Bw���± U ±+V ��� t � ms r"°7q���~�w�/ |7»	¼ ~�� ¨ Ì ��� k ��� qhr s��� � m s t:&��6¬�­Bw���� ¨
� � " ��� ��½�Ì!&��6¬
­6w�789�v!w3¤�¥�o�p�oxq3±	w���± U ±+V ��� w� 
"|C2 £ � � ¨ � �
�
� �

�����Bt��� �""!�"�#"$&%+9"�[{����I�1

')(
���
z���È
± |+* ~�Ì-,!��."/�o�p É {��!s�0�y[Ç3Ì�,!�
.&/&1�28S!i�3"!
���	z���È
±	Ì�4 � ��5�6"7�,!��.
/BÌ NEC o °�sa¹.y�8Fs3{-,x�".&/�Ì9,m��.&/&��:�Ì
�)0�x3�[{;,x��."/�Ì�º�q�n6�;{;,!��."/�Ì � �	È
±
,x��."/�w-<�¦ ��2 6 RB��¢ w ��� ��� ������w����
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