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In integrated circuits (IC) the clock is playing a very special role. With daily increasing IC complexity
and need of higher working frequencies, clock reliability of circuits is becoming more and more important as the
bad design of clock routing can cause skew or big power consumption etc. Skew happens due to disturbance in
synchronization of different flops on a single clock, it also happens if flops in the same design running on
multiple clocks (including several local clocks) are not synchronized. There are several requirements based on
this that the clock of IC needs to satisfy, like small skew, less power consumption, small fluctuations etc.

For meeting clock requirements, the best way is to create a good and reliable clock connection (so-called
clock tree) and do better clock routing. Some types of clock trees are buffer tree and H-tree each of which has its
advantages and disadvantages.

In this paper a new approach to clock tree synthesis is described. The main idea of the suggested method
is to combine less power consumption of the H-tree method and better results of timing QoR of the buffer tree
method.

Usage of the suggested method gives the opportunity of having an advantage in power consumption by
9% compared with the buffer tree method while having improvements of timing QoR by 5% compared with the
H-tree method.
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Introduction

With Very Large Scale Integration (VLSI) technology scaling, delays of wires and gates are
changing in opposite ways. Gates based on more advanced technology nodes imply less output
switching delay. On the other hand, metal wires began to impact more on the overall delay with
decreasing their thickness. Wire delay is dominating in circuit performance for advanced nodes [1].
An increase in interconnecting wire parasitic features is directly impacting power consumption, timing
and other features of the entire IC.

Meanwhile, more and faster increase of IC working frequency is leading to have better clock
routing inside the chip. The clock of ICs is to ensure that all parts of sequential circuits are working in
accordance and respective to each other.

Requirements to the clock can be splinted into two classes:

1. Constraints that ensure every flip-flop makes a forward move from the previous step to the
next step when the clock is “on”. This constraint is known as “setup”.

2. Constraint to ensure that every flip-flop is not making more than one step from the previous
state to the next step of the clock “on” time. This is known as “hold”

Each flip-flop has one setup and one hold constraint in design where at least one logic path does
exist.

For having better and synchronized operating of flip-flops in big designs, it is critical to make
sure that the clock gets distributed evenly to all sequential elements in a design. For being able to
reach the clock from the root of it to every flip-flop, different techniques are used, some of them are:

1. H-type clock tree synthesis where nets are splitting into “H” like branches from clock root and
are getting to each input of flip-flop
2. Buffer tree, where every previous “level” is separated with buffers.

66



INFORMATION AND COMMUNICATION TECHNOLOGIES

Clock tree synthesis buffer tree style

Buffer insertion reduces wire delay by restoring signal level. Delay of critical paths could be
reduced by applying buffer insertion on long wires. Important parameter in buffer insertion is a
minimum distance between inserted buffers on wire which brings to delay reduction compared to the
same wire without buffers. As it is described above, node scaling wire delay with technology
increases, so it brings to minimization of minimum buffer insertion distance.

Buffer cells could be used in two ways for wire delay decreasing. (Figure 1).
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Fig.1 Buffer insertion variants

Figure 1(a) demonstrates usage of a big centralized buffer which drives flip-flops while Figure
1(b) shows buffer distribution on wire forming a tree. First method is effective from skew optimization
point of view. In second case it is very important to use buffer cells with the same delay. Also, it is
important to equalize the load for each cell. Difference in load may bring to skew existence which can
impact on circuit timing and functionality. Even if buffers and loads are equalized in buffer tree, clock
skew may still exist in network due to On Chip Variations (OCV). To reduce OCV effect it is
recommended to use same buffer cells layout and place them one after another in same chip location.
Distributed buffer insertion strongly impacts on chip area and power consumption because of big
count of cells in tree. To reduce power the method of buffer sizing is used. The higher the output load
is the bigger buffer is needed. The output load may be decreased by adding another level in buffer tree.

Number of buffers should be increased in advanced nodes. Usage of big buffer count will bring
to thermal problems related to power consumption. There is an activity [2] where construction of
buffer trees is performed with considerations not only of delay but of power also. In our work [3] we
presented timing model of creating independent symmetrical structure for better runtime and skew
minimization with aligning and also wiring structure instead of only buffer cells. The work [4] focuses
on optimization of clock buffer tree by reducing buffer cell counting to save power consumption of
clock trees.

There is also method to reduce OCV impact on buffer trees called clock mesh. A clock mesh is
a grid of wires which are connected to outputs of clock buffers. If one of buffers in tree switches
before others it is slowed down by other later switching cells. If one cell switches later than others,
then its signal level will be repaired by other switching cells. Structure is demonstrated in Figure 2.
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Clock mesh may need custom design which will impact on runtime. Also, clock meshes
increases power of chips due to additional routings connected to highly switching signal. Shorts are
representing extra capacity which must charge and discharge every clock cycle.

H-Tree Clock Distribution Networks

Another type of clock distribution meshes is H-tree structure. This is a highly symmetrical
structure which can have better control over clock skew for the clock domains with many flip-flops.

This is perfectly balanced network with one large central driver and recursive H-style structure
to match wire-lengths (Figure 3).

H-style Central driver
structure

Fig. 3 H-style tree structure

The process of building H-Tree can mainly be divided into three major steps.

The initial starting step for H-Tree generation is defining the clock root pin for which the
structure will be created. After this step, the placement step is taking place. Here, based on pre-created
locations, high drive clock cells (these can be 94 drive, 128 drive cells) are placed. These cells
locations are being defined by considering the integrated circuit block requirements.

The next stage is the clock tree actual wire routing. In this stage for clock routes, specific non-
default rules are assigned to metals and they are set for not to touch. Also, few more rules are used for
routes like using higher metal layers for routing and usage of as straight routes as possible to minimize
clock skew etc.

Non-default routing rules (NDR) are special rules that are applied on clock routing metals to
address electromigration constraints and reduce parasitic and delay variations. These routed shapes are
commonly wider and have more space. However, their different parameters lead to larger capacitance
and dynamic power usage.

Among different works on NDR routing for clock signal nets, represented work [S] shows
another approach to routing with smart non-defaults rules. In the represented approach, NDM rules are
applied on selected clock net segments while overall skew, delay and electromigration remains
maintained.

After upper described points, H-Tree points are indicated as anchor points where sink balancing
will be done from to ensure target latency and skew.

H-type clock tree combined with complex buffer tree

For overcoming the issue of clock network power consumption basic H-tree clock tree synthesis
is used. But daily increasing IC complexity and transistor density bring additional on-chip variation
(OCV). OCV stands for on-chip variation of the IC process and typically used in Static Timing
Analysis (STA) to encounter local variation for process nodes. In general, OCV using derate for
different types of paths such as data path and clock path. It is obvious that in big designs OCV can
cause an unfixable timing issue. It is becoming violent in the case of high-frequency design.
Moreover, the clock period of the IC is determined by adding the worst-case clock jitter value to the
longest delay between any two sequentially adjacent flip-flops in the circuit [6]. Above mentioned
variation can force to reduce clock frequency in the design.
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Timing based issues can be fixed by a complex buffer tree structure, as a basic buffer tree can
have the same issues related to the timing. Connecting all outputs from the same level of the buffer
tree will synchronize all buffers output, but as a result, dramatic increase of power consumption will
be explored.

To overcome both timing critical issues and high-power consumption a combined technique is
used which increases clock tree synthesis complexity but at the same time combines the advantages of
the above-mentioned techniques. Combined technique cut out the most of the OCV influence on the
clock network with increased power consumption which meets the criteria of expected power
consumption.

But the resistance of wire has been increased with high frequency and scaled-down technology
and it directly impacts power consumption by increasing it.

The suggested technique uses a new combination of H-tree and complex buffer combination. It
mainly consists of two major parts (Figure 4)

H-tree structure Local buffer tree Shorting buffer
creation insertion outputs for better

timing

Fig. 4 H-tree and complex buffer insertion steps

In the beginning, the H-tree structure is created with top metals. This will ensure low power
consumption but it causes time loss. For having better timing, after every three level, buffer tree is
inserted and connected with via-ladders. Outputs of buffers are shortened afterwards.

The basic structure of the clock network in the proposed method can be described with Figure 5

Fig. 5 Structure for proposed method

Experimental results

To demonstrate suggested method efficiency, three types of clock tree are tested on design with
about 500k cells. Experimental results are presented in Table 1. Based on results we can see that by
using the suggested method, power consumption is decreased by 9% compared with the pure buffer
tree method but timing (maximum clock transition time) parameters are worsened by 11%.

Compared with the H-tree method, timing parameters are better by 5%, but power consumption
is higher by 7%.

Table 1
Experimental results for 3 types of clock tree
Clock max .
. TNS WNS Power |CPU Runtime
transition time
Comlex Buff
ORI 528 ps 6ns 98ps | 719mw 2268's
Tree
H-tree 615 ps 18 ns 125 ps 695 mW 2065s
S 586 7 107 653 mW 3729
methiod Ps ns pPs m S
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It is seen from Table 1 that CPU runtime for suggested method is higher than comples buffer
tree CPU runtime and H-tree CPU runtime. There is difference in CPU runtime because in suggested
method two steps of clock tree creation is done — H-tree synthesis at first and buffer tree element
insertion at proper places.

Conclusion

In this paper we presented another opproach to clock tree synthesis which shows that by using
proper combination of H-type clock tree and buffer tree either timing (clock max transition time)
improvements or less power consumption can be achieved.
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U.U. Upwqjui
Gplwuph wEpwwt hwdwuwpwu

huwnbigpw| ufubidwubpnid (PU) tnwlunwiht wgnwuswup d&d nbip niuh: Optigop dtdwgnn hU
pwpnniniup W pwpdp woluwwnwupwiht hwéwlunyeniuubph Yhpwndwt wwhwuop nwlunwihu
wqnuwuowuh hnwwihngniup nupdund Gu wybih ne wyblh Ywpunp, pwuh np nwlunwiht
wqnuuwuh Jwwn dpwagdndp Yupnn b pbipbp wgnwuswuh gtindwu, dtd hqnpnipjwt dwiuuh b wyu:
Ugnwtpwuh otinnudu wnwowund £ wnphgbpubiph ng uhuppnt wpfuwwnmwuph hGnbwupny, huswbu
uwl Jh pwup wnwyunwynpnn wgnwuwuuph Yhpwndwt htinnbwupny: Cuwin ybpnugjuih, npnawyp
wuwjdwuubp Gu npdnd wwlnwiht wgnwupwuh ypw' phs 2bnnud, phs hgnpnigjwtu dwfuu, tnpp
obinnudubip W wyjju:
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Pwuwih pwnbp. nwlunwht wgnwugwup dwn, pnidtipubiph dwn, H-nhwh dwn, hgnpniejwu
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JEPEBO CUHXPOHU3ALIMHU H-TUIIA B COYETAHUU CO CJOKHBIM
BY®EPHBIM JEPEBOM

C.C. Abazsan

Epesanckuii 2ocyoapcmeennblii yHugepcumem

B wunTerpanpabix cxemax (MC) cunxpocurnan wurpaetr ocoOyto ponb. C  eXeqHeBHBIM
yBenuueHneM cioxHoctd MC u HeoOxonumocTu B 0ojiee BBICOKHX Pa0OYMX 4acTOTax HalEKHOCTh
TAKTOBBIX CXEM CTaHOBHTCS Bce Ooliee BaXKHOHW, TIOCKOJBKY HeENpaBWIbHAS TPacCHPOBKA
CHHXPOCHUT'HAJa MOXET IPHBECTH K ACHHXPOHHOCTH, OOJBILIOMY JHEPromoTpeOJIeHHI0 U T. I
ACHHXpPOHHOCTb BO3HHKAET M3-3a HapYLIECHNUs CUHXPOHU3ALUN HECKOJIBKUX TPUITEPOB, a TAKKE ECIIH
TPUITEPBl B OJHOM YCTPOWCTBE, OINEPHPYIOIIME Ha HECKOJbKHUX CHHXPOCHTHamax (BKJIIOYas
HECKOJIBKO JIOKAJbHBIX CHHXPOCHTHAJIOB), HE CHHXPOHU3UPOBaHbL. VcXoAs M3 3TOro, CylecTBYET
HECKOJIbKO TpeOOBaHUM, KOTOPBIM JOJDKHBI YJOBIETBOPATH cuHXpocurHansl MC, Ttakme kax
HeOoITbIIasi aCHMMETpPHSI, MEHBIIIee YHEPronoTpediIeHne, HeOOobIINe KoJIeOaHus u T. 1.

Hawmnyuymum crnocobom [u1st  yIOBIETBOPEHUS] TpeOOBaHWMH K CHHXPOCHUTHAJIAM SIBIISIETCS
yJIydiIeHHass TPacCHPOBKAa W CO3JaHHE XOpPOIIEro M HaJeXHOI0 COEIMHEHHs CHUTHAJIOB (Tak
Ha3bIBaeMoe JepeBo CHHXpoHM3auun). bydepHoe nepeBo u nepeBo H-tuna sBnsioTcs BuIamMu epeBa
CHHXPOCHTHAJIA, K&KJ0€ U3 KOTOPBIX UMEET CBOM NMPEUMYIIIECTBA U HEJOCTATKH.

B 5T0if cTatbe ommcaH HOBBIM MOAXOJM K CHHTE3Y JepeBa CUHXpoHM3anuu. OCHOBHAsS Hies
NPEeIJIaraéMoro MeTola COCTOUT B TOM, YTOOBI OObEAMHUTH MEHbILIEE SHepronorpedieHne Metoaa H-
JIepeBa U JIydIiue pe3yibTarhl cuHxpoHu3aiun QoR mMerona OydepHoro aepera.

Hcnonp3oBaHue NPEAIOKEHHOIO METOJa JAeT BO3MOXHOCTh IONYYHTh INPEUMYIIECTBO B
sHEepromnoTpedieHn Ha 9% IO CpaBHEHMIO C METOAOM Oy(epHOro aepeBa NpH OJHOBPEMEHHOM
ynyumenann QoR cuaxpoHu3anuu Ha 5% 10 CpaBHEHUIO ¢ METOI0M JiepeBa H-turma.

KiroueBble cjIoBa: JepeBO CHHXpOHM3alUH, OyhepHoe aepeBo, JepeBo CHHXpoHH3aimu H-
THUIIa, SHEProcOepeKEHHE.
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