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ABSTRACT ntenna
With the thermal effect, improper analog placements may degrade r ‘ ;
circuit performance because the thermal impact from power de- DAac e ‘PA
vices can affect electrical characteristics of the thermally-sensitive Transmitter
devices. There is not much previous work that considers the desired D/A Converter | o | Power Amplifier

placement configuration between power and thermally-sensitive de-
vices for a better thermal profile to reduce the thermally-induced
mismatches. In this paper, we first introduce the properties of a de-
sired thermal profile for better thermal matching of the matched de-
vices. We then propose a thermal-driven analog placement method- A/D Converter

Local Oscilltor

Low-Pass Transmitter

Digital Circuitry

. . ) . Filter Power Amplifier
ology to achieve the desired thermal profile and to consider the best
device matching under the thermal profile while satisfying the sym- Thermally-Sensitive Power Devices
metry and the common-centroid constraints. Experimental results Matched Devices
based on real analog circuits show that our approach can achieve
the best analog circuit performance/accuracy with the least impact Figure 1: The block diagram of a generic RF system.
due to the thermal gradient, among existing works.
Categories and Subject DescriptorsB.7.2 [Integrated Circuits]: )
Design Aids - Layout, Placement and Routing matched very well by these techniques. However, the power de-
. ) o vices always generate certain thermal gradients on the chip which
General Terms: Algorithms, Design, Reliability cause the devices with symmetric and/or common-centroid place-

ments to become mismatched. To consider the thermally induced
mismatch, thehermal profileof the chip induced by the arrange-
ments of power devices should further be considered together with
1. INTRODUCTION symmetric and common-centroid placements of thermally-sensitive

In modern RF or analog and mixed-signal IC design, the thermal matched devices in analog layouts. Since the devices other than the
issue becomes more and more important during device placementpower devices in Figure 1 consume much less power, we simply
especially when integrating power amplifiers and other analog or consider them as non-power devices. Figure 2 shows two differ-
mixed signal circuits into the same chip, such as the RF system [13] €nt thermal profiles based on different arrangements of the power
shown in Figure 1. The RF system contains power devices in the devices in the power amplifiers. For better thermal matching of
power amplifiers and thermally-sensitive matched devices which all thermally-sensitive matched devices, the thermal profile in Fig-
appear in the mixer, the low-pass filter, and other sub-circuits. Gen- ure 2(b) is superior to that in Figure 2(a), which will be further
erally, the power devices consume much more power than all the discussed in Section 2.
other devices and may generate significant heat which may affect
the electrical properties of the thermally-sensitive matched device:
such as the saturation currefij,,:, of a MOS transistor. Conse-
quently, it may degrade the circuit performance or even change tr
whole circuit behavior.

According to [4, 5], the matched devices should beaymmet-
ric and/orcommon-centroicplacements. Ideally, if the heat of
the whole chip is evenly distributed, the devices can be thermall
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1.1 Previous Work the experimental results, and finally Section 5 concludes this paper.
Analog placement considering device matching constraints has
been extensively studied based on various floorplan representations,
such as the absolute floorplan representation [4, 7], B*tree [2, 2. THE DESIRED THERMAL PROFILE
17], hierarchical B*-tree (HB*-tree) [8], sequence pair (SP) [1,  Before introducing our thermal-driven analog placement, we shall
18], transitive closure graphs (TCG) [10, 22], and corner block  first consider the desired thermal profiles and the corresponding
list (CBL) [11] for symmetry constraints, and CBL and grid-based pjacement configuration. Inspired by manual layouts, the desired
approaches [14] for common-centroid constraints. Among these thermal profile should have the following properties:
works, only [4, 7, 11] addressed thermally constrained symmetric
placement. e Lower temperature at thermal hot spots.
Cohn et al. [4] introduced a basic placement configuration for e Smoother thermal gradients at the non-power device areas.
thermal device matching, which is to position the power devices e More separation between power and thermally-sensitive de-

along a thermal symmetry line bisecting the chip such that the vices.
isothermal contours are symmetric across the symmetry line. The 4 nore regular isothermal contours in either the horizontal or
thermally-sensitive matched devices are then placed symmetrically the vertical direction such that the matched devices can easily

about the power devices to have the same ambient temperature.
Consequently, the thermal mismatch between the matched devices . : o
is reduced. Although such an approach is very effective, it limits . Iaargeraccommodatlon areas for multiple thermally-sensitive
the layout design with only one symmetry line on the chip. Such evice groups
a configuration for thermal device matching is not applicable to By comparing both thermal profiles at the non-power device ar-
modern RF or analog and mixed-signal design as seen in Figure 1,eas in Figure 2, although the one that the power devices are evenly
which contains multiple symmetry groups with different symmetry distributed at four sides of the chip has lower temperature at the
lines in different sub-circuits. thermal hot spots, its thermal gradient, isothermal contours, and ac-
Both Lampaert et al. [7] and Liu et al. [11, 12] presented their commodation area are not as good as the other one that the power
thermally constrained analog placement by the thermal profile com- devices are evenly distributed at two opposite sides of the chip.
putation. During placement iterations, the temperature of all matche@herefore, the thermal profile in Figure 2(b) is more desirable than
devices are calculated based on certain thermal models. The thermahgt in Figure 2(a) when considering thermal matching in analog
induced mismatch is then optimized by minimizing the tempera- layouts. Since the isothermal contours in Figure 2(b) are very reg-
ture differences between the symmetric devices. Although their ular in the vertical direction, the thermally-sensitive matched de-
approaches do not limit the layout with only one symmetry line, it vices can be placed along the isothermal contours anywhere in the
is time-consuming to calculate the temperature of all matched de- placement area to have the same ambient temperature so that the
vices during placement iterations when the number of the matchedthermally induced mismatches between the matched devices are
devices is large. In addition, it is difficult to guarantee that all de- reduced. In addition, when placing different symmetry groups in
vices are thermally matched by summing up the temperature dif- different sub-circuits, they are not necessary to share the common
ferences between symmetric devices in each symmetry group andsymmetry line bisecting the power devices. Consequently, the area
other placement objectives such as reducing placement area anditilization and the interconnecting wire length of the whole analog
thermal hot spots [11]. None of the previous works directly opti- layout can further be optimized.
mizes the thermal profile based on the power device arrangement
to achieve better thermal matching of the devices.

1.2 Our Contributions

In this paper, we propose thiest thermal-driven analog place-
ment considering thermal device matching by directly optimizing
the thermal profile of analog layouts. We introduce the desired
thermal profile and the corresponding placement configuration for
better device matching, especially when placing multiple symmetry
groups with different symmetry lines. We then present our place- . ¥
ment methodology to simultaneously place all devices, including ] Chip Area
power devices and thermally-sensitive matched devices with ei- @ ®
ther the symmetry or the common-centroid constraint. We adopt
a table-lookup approach to speed up the thermal profile computa-Figure 3: Placement configurations of power device area arrange-
tion. The thermal profile is optimized based on coarse-grid and ments. (a) The power device area is arranged at one short sids the

fine-grid thermal tables at different placement stages. Since the Ob'f:hip. (b) The power device areas are arranged at both short des of the
jective based on our approach is to generate the desired thermachip

profile, instead of to minimize the temperature differences between
matched devices, the time complexity is only dependent on the
number of power devices, but is independent of that of matched de- Based on the desired thermal profile in Figure 2(b), the corre-
vices. Therefore, our approach is more efficient and scalablehwhic sponding placement configuration, especially the arrangement of
significantly improves the runtime when placing a large number of power device areas, should be considered. According to [5], it is
thermally-sensitive matched devices in modern analog designs. Fi-always recommended to place non-power, thermally-sensitive de-
nally, we propose thérst thermal-driven common-centroid place- vices as far away from power devices as possible to alleviate ther-
ment (TCCP) algorithm that considers the best device matching un- mal impacts from power devices. To allow more separation be-
der the desired thermal profile. Experimental results show that our tween power and thermally-sensitive devices on the same chip, the
approach can achieve better runtime and the best analog circuit perpower devices are preferred to be arranged in the rectangular areas
formance/accuracy in the presence of thermal gradients, comparedocated at either one or both short sides of the rectangular chip as
with the previous works. shown in Figure 3. The rest of the chip area is reserved for the

The remainder of this paper is organized as follows. Section 2 placement of non-power devices, including the thermally-sensitive
introduces the desired thermal profile for thermal device matching matched devices with either the symmetry or the common-centroid
and the corresponding placement configuration. Section 3 presentonstraint. As both arrangements in Figure 3 are preferable, choos-
our thermal-driven analog placement to generate the desired ther-ing the better arrangement further depends on other factors, such as
mal profile based on the placement configuration while considering the reduction of interconnections among devices and/or 1/O pins,
both symmetry and common-centroid constraints. Section 4 reportsand the alleviation of thermal hot spots.

be placed along the contours.

Power Device Area




3. THERMAL-DRIVEN ANALOG annealing, a node can be moved frdi to T¢, or vice versa,

PLACEMENT to optimize the interconnection wire length. If one®f and7T¢

. . becomes null, the placement configuration will be automatically
We propose our thermal-driven analog placement to fulfill the |eqyced to that in Figure 3(a).

desired thermal profile and the placement configuration introduced "~ Gjyen the following inputs and constraints:
in the previous section by applying the simulated annealing algo-

rithm [6] based on the hierarchical B*-tree (HB*-tree) and automat- ~ ® @ Set of device modules including power and non-power de-
ically symmetric-feasible B*-tree (ASF-B*-tree) floorplan repre- VICEsS, . _
sentations [8] due to its efficiency and effectiveness to handle sym- ~ ® power densities of all power devices,
metry constraints based on the symmetry-island formulaffag- e the targeted aspect ratio of the placement area, _
ure 4 shows a symmetric placement and its corresponding HB*- e symmetry and common-centroid constraints for all matching
tree and ASF-B*-tree. Each module nodep;, corresponds to device groups,
a module b;, and the hierarchy nodenso corresponds to the the objective of our thermal-driven analog placement is to obtain
symmetry island of the symmetry group So containing a self- a placemen® that minimizes the cost functio®(P), defined in
symmetric module,b3, and a symmetry pair, (bs, by). The ASF- Equation (1). In this equationy, 8, v, andé are user-specified
B*-tree represents the symmetric placement ob. parametersd p is the area of the bounding rectangle for the place-
. ment, Wp is the half-perimeter wire length (HPWLRp is the
ASF-B*-tree HB*-tree difference between the aspect ratiofdfind the targeted aspect ra-
b tio, andT'» is the thermal cost aP based on the targeted placement
2| by | by Q Q configuration, which is further defined in Equation (2).
Q pl @ Q @(P)ZaAp+ﬁWp+'pr+5Tp. (1)
b[ 5
bs TP - (ﬂﬁmarc - 71l,min) + (Tr,maz - Tr,min)- (2)

Based on the desired thermal profile, we consider two targeted
straight isothermal contours near the boundaries between the power
) and non-power device regions as seen in Figure 5(a). In Equa-
Figure 4: (a) A symmetric placement containing a symmetry group tion (2), 71, maz @and T} .,:» denote the maximum and minimum
So = {bs, (bs,b})}, and two non-symmetric modulesb; and ba. (b) temperatures at the left targeted isothermal contour in Figure 5(a),
The corresponding HB*-tree and ASF-B*-tree of the placementn (a). while T e @andT;- i denote the maximum and minimum tem-

peratures at the right targeted isothermal contour. Since the power

In addition to handling symmetry constraints, the HB*-trees can Consumption between power and non-power devices is large in the
also be hierarchically constructed based on the hierarchical circuit tyPical RF system as seen in Figure 1, the heat generated by the
clustering [9] so that the close proximity of devices in the same Non-power devices can hardly affect the thermal profile contributed
sub-circuit is preserved during placement. For example, we can PY the power devices. Therefore, by minimizing the differences
use different HB*-trees to model the device placements in different Petween the maximum and minimum temperatures at the same tar-
sub-circuits such as those in Figure 1. Each HB*-tree modelling the 9eted isothermal contour, the desired thermal profiles in Figure 2(b)
placements of a sub-circuit is further linked by a hierarchy node in €&n be obtained.

the top-level HB*-tree which models the top-level placement con- 3.1 Thermal Profile Computation

sidering the topology among different sub-circuits. ! A )
To obtain the temperature at each point on the targeted isother-
Targeted Isothermal Contours HB*-tree Ty, mal contours in Figure 5(a), it is required to compute the thermal
profile based on a certain thermal model. The previous works [7,
11] compute the thermal profile by calculating approximated ther-
mal equations based on different thermal models. Although itis fast
to compute the thermal profile of a certain placement, it becomes
HB*-tree Ty inefficient when calculating those equations more than hundreds of

(a) (b)

ny » HB*-tree T,

| |
| |
I I
A | B (e ng > . - .
| | thousands times to evaluate the thermal profiles of different place-
I I ments during the simulated annealing process.
| | ne » HB*-tree T¢
| | Y
(a) (b) ST T T
<1 Coarse Grid
Figure 5: The placement configuration and its corresponding HB*- _:
trees. (a) The placement configuration based on the power aaear- : : L
rangement in Figure 3. (b) The HB*-trees representing the toplogy ——— - ——:
among the three regions in (a). |
Fine Grid —— B
We further extend the HB*-trees to handle the problem of thermal- T T
driven analog placement. Figure 5(a) shows three regions A, B,and ~ Thermal Halo . |
C in the whole placement area based on the desired placement con- i :
Power Device J‘i >

figuration in Figure 3(b). The regions A and C are arranged to place
power devices, while the region B is arranged to place non-power
devices, including all thermally-sensitive matched devices. To rep-

resent the placement configuration in Figure 5(a), we consider the Figure 6: The coarse-grid and fine-grid thermal tables indicating the

fixed structure of the top-level HB*-tred},,,, as shown in Fig- thermal profile of the power device with different precisiors and scales.

ure 5(b). The placements of power devices in the regions A and C

are modelled by the HB*-treeE4 andT which are linked by the Since the temperature at each point in the placement area can be
hierarchy nodesi 4 andnc respectively, while the placement of  calculated by the superposition of the thermal profiles contributed
non-power devices in the region B is modelled by the HB*-ffee by all power devices placed at different locations according to [7,

which is linked by the hierarchy nodeg. During the simulated 11, 19], we adopt a table-lookup approach by constructing thermal



tables that store the thermal profile of each power device to facil- and horizontal local movements for the power devices on the fine
itate the thermal profile computation. The thermal profiles of all grids as shown in Figure 7(b). The thermal cost in Equation (2)
power devices are pre-simulated using a thermal simulation tool, is calculated based on the fine-grid thermal tables to minimize the
such as 3D-Thermal-ADI [19, 20] which is available in the pub- temperature difference among the fine grids passed by the targeted
lic domain. Given the device area, device location, device power isothermal contour in Figure 7(b).

densities, targeted chip area, and other thermal coefficients, it will  Since the vertical movement of the power devices does not af-
compute the thermal profile of the corresponding device. After the fect the shape of the isothermal contour very much, we simply
thermal simulation of all power devicescaarse-gridand afine- evenly distribute the power devices vertically by traversing the ver-
grid thermal tables are then constructed for each device to repre-tical constraint graph (VCG) representing the vertical relationship
sent its thermal profile with different precisions at different scales among the power devices, which can be converted from a B*-tree
as shown in Figure 6. Each grfd 5) in the thermal table recordsa  as described in [17].

certain temperatur€(i, 7) contributed by the corresponding power To minimize the number of power devices that need to be moved
device. The coarse-grid thermal table indicates a global thermal during the horizontal local refinement, only those adjacent to the
profile covering the whole placement area, while the fine-grid ther- right boundary of the power device area should be considered, which
mal table shows the detail thermal profile near the placement of are devices A, B, C, and E in Figure 7(a). These boundary devices
the corresponding power device. The sizes of the thermal tablescan be identified by the contour data structure during packing a
depend on the trade-off between the memory usage and the preB*-tree [3]. By the iterative horizontal movement of the boundary
cision we need for the thermal profile optimization. By assuming devices, the thermal co$t in Equation (2) can further be mini-
the isomorphic thermal profile of each device in four quadrants and mized.

sharing common thermal tables of some identical power devices,

the size and the number of the thermal tables can effectively be 3.3  Thermal-driven Matching Device

reduced. Placement

3.2 Thermal Profile Optimization We consider the desired thermal profile in Figure 2(b) to place

Based on the thermal tables illustrated in Figure 6, we optimize € thermally-sensitive matched devices with either the symmetry
the thermal profile at three different placement stages. Before the T (e common-centroid constraint. For a matching device group
placement process, the thermal halo of each power device is allo-ith the symmetry constraint, the matched devices should be placed
cated. The global thermal profile optimization is then performed ©n the same isothermal contours to have the same ambient temper-
during the simultaneous placement of power and non-power de- &ture so that the thermally-induced mismatch is minimized. Since
vices. Finally, the detailed thermal profile optimization is pro- € desired thermal profile has regular isothermal contours in ei-
cessed for local placement refinements of power devices ther the horizontal or the vertical direction, all the symmetry device

' groups can simply be placed with their symmetry lines being per-

3.2.1 Thermal Halo Allocation pendicular to the isothermal contours. The symmetric placements

Since most of the power devices are arranged in the same powero]c all symmetry device groups with different symmetry lines can

device area, the area is prone to have thermal hot spots. To efrec_snmultaneously be optimized during the simulated annealing based

*_
tively reduce the temperature at the thermal hot spots, a thermal " the HB*trees.

: i For a matching device group with the common-centroid con-
halo should be added to each power device as shown in Figure 6 traint as shown in Figure 8, none of the previous works consid-

;irgg_tf;ie:jrrtr;qael r%a;?tgg\l/eegsf ?hnearg\?v:rbggsi?ecertam temperature in th‘%rs the thermal profile during the common-centroid placement. We
9 P : propose our algorithm to generate a common-centroid placement

3.2.2 Global Thermal Profile Optimization for a matching device group while considering the desired ther-
During the simulated annealing based Ic))n the HB*-trees, the place-mal profile. Based on our approach, all possible common-centroid
ment of power and non-power devices are simultaneoﬂsly opti- placementst Oé ea%h rﬁlz_atctramg group W'ttl,r]] different i‘speﬁﬁ“ﬁﬁre
; AN : . : pre-generated, which is the same as the approach in . en
e ) e Jor Megfaing he placement wi aher deices of devce groups, 2
the thermal cost in Equation (2) which is obtained by calculating candidate of the pre-generated common-centroid placements is ran-
the difference between the maximum and minimum temperatures domly selected during the simulated annealing based on the HB*-

. ; trees. The final candidates of all matching groups are simultane-
at the coarse grids passed by the targeted isothermal contour ag,,q)y optimized based on the cost function in Equation (1).
shown in Figure 7(a).

l‘/Ta.rgeted Isothermal Contours — Tout By B, B B,
f ] o
[ EHE‘E:::i | I I J} oo
=5 || ! || =TT ] |1, DB
R : A3 S [GEEEEEBE
Lo | | | 21X H 22X H 2X H IX]H ix :
ml e ] ‘ B SDi D 7 Daa s e
IRIE [ e O O N S e e O
i i ST : (a) (b)
Lo | I i . . ) i .
[ IR B | t Figure 8: A matching device group with the common-centroid con-
T T

() (b) straint. (a) A matching device group in the binary weighted arrent
network. (b) A common-centroid placement of the matching deice
group in (a) containing four MOS devices, A, B, C, and D, having 44,
8, and 16 sub-devices respectively. The dotted lines dendte isother-
mal contours.

Figure 7: The placement of power devices are optimized based on (a)
global and (b) detailed thermal profile optimization.

3.2.3 Detailed Thermal Profile Optimization Given a common-centroid device grodj.. containingg de-
Once the placement of the power devices are optimized based orvices, i.e. Gee = {b1,b2,...,bs}, and each devicé; hasn,,

the global thermal profile optimization as seen in Figure 7(a), the sub-devices, to better match the device layouts, the size of all the

detailed thermal profile optimization is further performed to ob- sub-devices should be identical. Besides(:in, the relationship

tain more desirable isothermal contours. We apply both vertical between any two sub-device numbers andn,, of devicesb;



andby, is usually the ratio of power of two, i.ex,;, = 2! x Np, s In the first set of the experiments, we compared our approach that
where! is an integer. Furthermore, the sub-devices are preferred optimizes the desired thermal profile with the other one that min-
to be regularly placed in a two-dimensional array as shown in Fig- imizes the temperature differences between devices of each sym-

ure 8(b). To minimize the thermal mismatch among ghdevices metry pair. Both approaches applied the simulated annealing algo-
in G.., we need to evenly distribute the sub-devices of each device rithm based on the HB*-trees and the cost function in Equation (1),
along the direction of the thermal gradient. while the later one applied a different thermal cost functiénof

Figure 8(b) shows the common-centroid placement of the 3-bit placementP defined in Equation (3), which is the summation of
binary weighted current network illustrated in Figure 8(a). Device the temperature difference of symmetry pairsin Equation (3),
A denotes the MOS transistor connected;tg and devices3, C, Ty, denotes the temperature of the devicé;, and Ty, ,,,,, corre-
D denote the MOS transistors connected to the control signals of sponds the temperature of the symmetric device df;.
Bs, Bz, and By, which have 4, 4, 8, and 16 sub-devices respec- m
tively. The isothermal contours, i.e. the dotted lines, are in the Th — T 3
horizontal direction, implying that the direction of the thermal gra- P= Z' bi = Toioyml- ®)
dient is vertical. In the following, we simply consider the direction i=1
of the row (column) of the 2D array to be the same as that of the  Table 1 lists the names of the benchmark circuits (“Circuit”),
thermal gradient (contours). o the numbers of modules (“# of Mod.”), the numbers of symmetry
~ To assign the sub-devices intd:arow 2D array while minimiz- modules (“# of Sym. Mod."), the numbers of power device modules
ing the thermal mismatch, the sub-devices of each device should be(“# of Power Mod."), the total module areas (“Mod. Area”), and the
equally divided byt and assigned into one of the rows. For some maximum temperature of the whole chif{4."), the maximum
cases, if the sub-device number of a device is not dividable with temperature difference of each symmetry pair (“MEX,,,"), the

respect to the row number, we allow the sub-device number in eachtotal areas (“Area”) and the runtimes (“Time") for both approaches,
row with +1 tolerance. It should be noted that even the sub-device the temperature difference optimization (“Temperature Diff. Opt.”)

numbers of a device assigned to different rows are not equal, theand the thermal profile optimization (“Thermal Profile Opt.”).
sub-device number in th&" row should be the same as that in the Since there was no power device specified in the original bench-
(k — i+ 1)"" row, or the symmetric row. Therefore, the common- marks, we simply selected 11 devices in biasynth_2p4g and 10 de-
centroid placement must be feasible. In Figure 8(b), the respectivevices in Inamixbias_2p4g as the power devices, and simulated the
sub-device numbers of devicds B, C, andD in each row are 1, thermal profile of each device to obtain its thermal table. Compared
1, 2, 4 after the even assignment. with the approach based on the temperature difference optimiza-
Once the sub-devices of each device are evenly assigned intction, our proposed approach results in less than one quarter tem-
rows, we should consider the diffusion-sharing for MOS transis- perature difference of the matched devices in a symmetry pair and
tors. We construct the diffusion graph of the sub-circuit in each 5.28X faster running time with comparable maximum chip temper-
row, and then find the Eulerian trail on the diffusion graph [15]. ature and total chip area. Figure 9 shows the resulting placement
After the Eulerian trails are found, the sub-devices on the same Eu- of Inamixbias_2p4g and its corresponding thermal profile. The de-
lerian trail are merged. Considering the first row in Figure 8(b), vices in red color are the power devices, and those in other colors
there are three Eulerian trail§, — C, D — D, andD — D. Con- denote the symmetric devices.
sequently, the six devices are merged into three sub-device groups, Inthe second set of the experiments, we evaluated the thermally-
and the sub-devices in the symmetric row are also merged accord-induced mismatch within a common-centroid placement under the
ingly. desired thermal profile by performing HSPICE simulation with pre-
After considering the diffusion sharing, the column position of assigned temperature for each sub-device. The temperature of each
each sub-device or sub-device group in each row is assigned in asub-device in the common-centroid group can be extracted accord-
random order while keeping the symmetric row in the reverse or- ing to its location in the thermal profile once the whole common-
der. Figure 8(b) shows the final common-centroid placement that centroid device group is placed at a certain position in region B in
minimizes the mismatch between the four devices due to the ther- Figure 5(a). After performing HSPICE simulation, the temperature-

mal gradient. The algorithm of therow thermal-driven common- dependent electrical parameters of each device were measured. Sin
centroid placement (nameli;row TCCP) is summarized in Algo-  our experiment is based on the binary weighted current network in
rithm 1. Figure 8(a), which is commonly used in data converter systems, we
measured the drain currefipy of each MOS transistor. For an
Algorithm 1 k-row TCCP bit data converter system, tlg linearity may change maximally
1: for all ¢ devices inGe. do by iiLSB over the full temperature range to mainte}in monotoniq-
2:  Evenly assign the sub-devices irtaows with the same numberin ity of the system, where LSB stands for the least significant bit in
row[i] androwlk — i + 1J; data converters [16]. If the difference between the idgaand the
3: end for real one,Ip, is larger thani—iLSB, the D/A converter will fail.
4: for i =1to[k/2] do If the thermally-induced mismatch value, of a common-centroid
5. Merge the diffusion of the sub-devicesriow(i] androw[k —i+1] placement shown in Equation (4) is less than one, the circuit is
based on the same Eulerian trails; within the tolerance of the accuracy; otherwise, the circuit will fail.
6:  Place the (merged) sub-devices-inw[i] in a random order; ,
7. Place the (merged) sub-devicesriow[k — i + 1] in the reverse o= |Ip — Ip| @)
order of that inrow[i]; iLSB
8: end for

Therefore, we compared the value of the resulting common-
centroid placement based on durow TCCP algorithm with that
4. EXPERIMENTAL RESULTS based on the grid-based approach in [14] under the same ambient
We implemented our placement algorithm in the C++ program- temperature or the same location in the thermal profile.
ming language on a Dual 2.8GHz Intel Pentium4 PC under the Table 2 lists the names of the benchmark circuits (“Circuit”), the
Linux operation system. We performed two sets of experiments: numbers of devices (“# of Dev.”), the number of sub-devices iheac
(1) one is based on the analog placement benchmarks in [2, 8, 17]device (“# of Sub-devices”), and the values based on the grid-
consisting of analog designs, biasynth_2p4g and Inamixbias_2p4g,based approach [14] and ok#row TCCP algorithm. Methods 1-3
with different numbers of symmetry groups, and (2) the other is give three different assignments of the positions of the sub-devices
based on the real analog circuit, the binary weighted current net- based on the grid-based approach [14]. For Method 1 (Method 2),
work shown in Figure 8(a), containing a large common-centroid the devices containing the most (least) sub-devices were assigned
device group in which each device has different numbers of sub- first, so they were placed close to the centroid. For Method 3, the
devices of uniform sizes. sub-devices were assigned in a random order. The results show



Table 1: Comparisons of the maximum temperature difference of eachygnmetry pair, area utilization, and CPU times for the approaches based on

the temperature difference optimization and our thermal profile optimization.

# of Temperature Diff. Opt. Thermal Profile Opt. (This Work)
Circuit # of # of Power | Mod. Area || Thrae | Max ATy m Area Time | Trae | MaXATsym Area Time
Mod. Sym. Mod. Mod. | (103um?) (K) (K) (103 um?2) (s) (K) (K) (103 um?2) (s)
biasynth_2p4g || 65 8+12+5 11 4.70 318.18 0.91 5.42 1524 | 321.10 0.22 5.47 385
Inamixbias_2p4g|[ 110 [ 16+6+6+12+4] 10 [ 46.00 322.58 2.66 56.71 5340 | 322.09 0.62 55.87 809
Comparison 1.00 4.21 1.00 5.28 1.00 1.00 1.00 1.00

Table 2: Comparisons of the circuit accuracy due to thermally-indu@d mismatches for common-centroid placements based on theigrbased
approach and our k-row TCCP algorithm. The numbers in bold font mean that the circuits are within the tolerance of the accuracy.

o value
Circuit # of Dew. # of Sub-devices The grid-based approach [14] TCCP
Method I | Method 2 | Method 3
bwcn_4bit 5 {4, 4,8, 16, 32} 0.06784 | 0.07040 | 0.04480 | 0.00128
bwen_5bit 6 {4, 4,8, 16, 32, 64} 0.26624 | 0.28416 | 0.00512 | 0.00512
bwcn_6bit 7 {4, 4,8, 16, 32, 64, 128} 1.06496 | 1.13664 | 0.73728 | 0.04096
bwen_7bit 8 {4, 4,8, 16, 32, 64, 128, 256} 4.24960 | 4.50560 | 0.06144 | 0.20480
bwen_8bit 9 {4,4,8, 16, 32, 64,128, 256, 512}f 16.9984 | 18.14528 | 11.81696 | 0.43008

that ourk-row TCCP algorithm obtained accurate results for all the Science Foundation of the US under Grant CCF-0701821.

bwecn circuits. The results based on “Method 3” are not as good as
ours when the device/sub-device number in the common centroid
group becomes larger. Both Methods 1 and 2 have very poor per-
formance against the impact from the thermal gradient since only
small circuits behave accurately. Therefore, our approach is the
most effective one that considers the thermal gradient. The runtime
of each approach is less than one second on a Dual 2.8GHz P4 PC.

(b)
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[

[2]

[3]
[4]

[5]
[6]

[71
[8]
[9]

[10]

50

@
Figure 9: (a) The resulting placement of Inamixbias_2p4g. (b) The (11]
corresponding thermal profile.

[12]

5. CONCLUSIONS

In this paper, we have addressed the thermal issue in analog (13]
placement and studied the thermal-driven analog placement prob- 14
lem. We have proposed our algorithms to simultaneously optimize 1]
the placements of power and non-power devices to generate a de- |5
sired thermal profile for thermally-sensitive matched devices. We
have also proposed our analog placement methodology that consid-
ers the best device matching under the thermal profile while satis- [16]
fying the symmetry and the common-centroid constraints. Experi-
mental results based on the analog benchmark circuits and the real[17]
analog circuit show that our approach can achieve the best analog
circuit performance/accuracy with the least impact due to the ther-
mal gradient. (18]
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