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When embedded systems are designed, it takes a lot of effort to meet the stringent 

requirements regarding the dimensions of the appliance and the density of interconnections on 

the PCBs. 

There are four well-known ways to increase the density of interconnections and 

component assembly on printed circuit boards: 

Decrease the size of vias and pads to make some room for wire routing 

Increase the number of routes between vias by decreasing wire widths and clearances 

Replace through vias with blind and buried vias 

Add more layers. 

All of this, however, brings up the board production costs. 

But there is another way: flexible topological any-angle routing, as implemented in the 

TopoR (for TOPOlogical Router) PCB topology design system.  
Let's consider the three key concepts: “any-angle”,  “flexible” and “topological”. 

Any-Angle 

When you look at pictures of printed circuit boards developed before the advent of CAD 

systems (Fig. 1), you can't help but wonder why the appearance of modern boards is so different, 

primarily with regard to wire shapes. Why are the wires on those boards shaped the way they 

are? It's much quicker to draw a wire that consists of orthogonal segments. 

  
Figure 1. The Intel 8008 processor on Bill Pentz' 

"SacState" machine, 1972 (image courtesy of the 
DigiBarn computer museum, 

http://www.digibarn.com/stories/bill-pentz-story/) 

Figure 2. Searching for routes in an orthogonal grid 

Clearly, today's wire shapes are due to the specifics of CAD models and algorithms 

(search for wire routes in orthogonal grids; see Fig. 2). 

Why did designers take the trouble to doggedly route wires in arbitrary directions and 

smooth out the bends? At first glance, this kind of behavior makes no sense. 

Let's compare the results of orthogonal routing and any-angle routing, and list the 

advantages of the latter. 

Consider the following three ways to route a pair of wires (Fig. 3). 
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Figure 3. a), b), c) Three ways to route two wires 

The first variant (left) has the longest wires and also considerably long parallel segments. 

In the second variant (middle), the wires are shorter, and so is the part with the parallel segments. 

In the third case (right), the wire length is minimal, and there are no parallel segments at all.  

Parallel segments are the source of cross-talk. The rate of cross-talk increase is linear as 

the parallel segments get longer and inverse quadratic as the distance between them increases. 

Let e be the cross-talk rate generated by two parallel 1mm-long segments with distance d 

between them. If the segments are at an angle to one another, the cross-talk rate goes down as the 

angle increases, does not depend on the wire length and, regardless of the segment length, is 

limited by the value 

, 

where α is the angle between the segments. 

It follows that any-angle routing helps decrease the total wire length and significantly 

reduce electromagnetic cross-talk. 

Consider two ways to route wires between a pair of 25-pad components with different 

pad widths: 0.25mm and 0.2mm (Fig. 4). 

 

 
Figure 4 a), b). Two interconnection layouts 

In the any-angle routing scenario, the minimum distance between the components will be 

four times less than in the case of orthogonal routing. Consequently, the area taken up by the 

wire layout will also be four times less. This means that any-angle routing not only helps 

decrease wire length, but also fits them in a smaller area while ensuring all requirements are met. 

Differential signal transmission in modern printed circuit boards demands that delays in 

grouped signals (such as addresses, data or commands) should be made equivalent. 
The delay signal constant (s/mm) depend on the medium parameters [1]: 

 

where  is the relative dielectric permeability of the dielectric, and c is the speed of light 

in a vacuum (mm/s). 

Normally, recommendations on differential pair layout mainly boil down to symmetrical 

geometry for wires that make up the pairs, and the board material is considered as uniform 
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medium. However, this is far from the truth. Fiberglass plastic is glass fabric saturated with 

synthetic resin. 

FR-4 fiberglass has a mean dielectric permeability value of 4–4.5; in particular, the glass 

fabric dielectric permeability is about 5.8, and that of epoxy is 3.8 [2]. If one of two neighboring 

wires on the same layer runs along a glass fiber and the other one between fibers, then the signal 

transmission speed can differ as much as 1.23 times, even though the wire geometry is identical 

and the layer is the same. This adverse effect can be avoided by laying out a zigzag pattern or 

inclining the route relative to the board sides (Fig. 5), which is actually tantamount to any-angle 

routing. 

 
Figure 5. Routing differential pairs at an angle to the board edges 

The thermal conductivity of FR-4 is 0.25 Wt/(m·K). That of copper is 380 Wt/(m·K), 

which is three orders of magnitude higher. Increasing the copper area on conducting layers is a 

way to broadly change the heat-transfer resistance of the board. However, a layer heat-transfer 

resistance varies by direction. In the direction of the wire routes, heat-transfer resistance will be 

tens of times lower than in an orthogonal direction. 

If routing uses preferred directions on a layer whereas wire directions are orthogonal on 

adjacent layers, then thermal loads heighten the risk of board warping.  

During any-angle routing, wire fragments on adjacent layers are still orthogonal in dense 

spots, but wires are oriented differently in different parts of the board (Fig. 6). This helps 

equalize heat-transfer resistance in multiple directions on a layer and thus reduce the odds of 

board warping. 

 
Figure 6. Any-angle routing 
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The conclusion so far is that just by dispensing with preferred routing directions you can:  

Reduce the total wire length 

Decrease the area that wires take up 

Scale down electromagnetic cross-talk both by shortening the wires and by reducing  

instances of parallel routes 

Decrease the chances of delay inconsistency for grouped signals or differential signals; this 

risk is inherent in the board heterogeneous material 

Lower the risk of board warping under thermal loads  

Flexibility 

Most PCB CAD systems express the problem of interconnection routing as the problem 

of sequential searching for routes between pairs of points in a maze made up by pads, keepouts 

and existing wires. 

After a wire has been routed, its shape becomes fixed (during the search for the current 

routes paths, there is no way to reshape previously laid routes, shift fragments, change the layer 

and so on). 

Freezing the bandwidth of layout fragments often leads to excessive route length and 

consequently an excess of vias (a topological element cannot be shifted, therefore the route has 

to bypass it and thereby become longer and get in the way of other routes). Fig. 7 shows four 

extra vias and a half-loop on a single wire and the optimal configuration for this wire (as a 

dashed line). However, before removing the half-loop, you first need to move the obstructing 

wire (dashed line) below the lower via. 

  
Figure 7. Extra vias and a half-loop on a wire, and the corrected version 

During flexible routing, only the relative wire positions are fixed; vias are moved to their 

optimal locations using a special procedure, and the wire shape is calculated automatically at the 

end of the routing. 

Automatic calculation of the optimal wire shape and automatic shifting of objects (vias, 

wire joints and, if necessary, components) make it easier to solve hard optimization problems 

such as building Steiner trees and compressing the topological pattern. 

The problem of signal delay equalization is considerably easier if wire positions are not 

fixed. Most importantly, it can be solved concurrently [3] rather than sequentially. For that: 

The required increments are calculated for all wires that need their delays increased 

Rectangular areas are created on wires; the widths of the areas are calculated based on the 

required delay increment 

Elements are automatically distributed to eliminate possible clearance violations that may be 

due to segments becoming wider 
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The rectangular areas are converted to delay lines (zigzag patterns of specified lengths are 

inscribed into the areas) 

Concurrent equalization lets you freely use tolerances and respect priorities, which is 

difficult to do in the case of sequential equalization. 

Topological 

Sequential wire routing has the drawback that its result can depend greatly on the routing 

order. In particular, the paths of wires can cross repeatedly, which generates extra vias (Fig. 8). 

  
Figure 8. “Extra” vias resulting from double wire 

crossing 

 

Figure 9. Footprint of OMAP3530 with channels for 
vias (1-5). (Image courtesy of Texas Instruments, 

http://www.ti.com/lit/an/sprab13a/sprab13a.pdf) 

Double crossings are especially dangerous in area of components with gridlike pad 

arrangements - normally there is no room for additional vias there. A special routing technique 

has even been developed for tackling these particular situations, called “escape routing”; the idea 

is to snap to the area boundary. To avoid conflicts in the center, you “squeeze” them outside. 

However, gridlike pad arrangements actually offer good opportunities for arbitrarily altering the 

order of wires and consequently eliminating extra crossings and the extra vias they bring about. 

Unused and functionally equivalent pads give you more freedom to change the wire order. 

Escape routing as it is practiced today limits the possibilities for optimal solutions by 

offering BGA layout templates regardless of the schematic that the component is used in. 

Unfortunately, this kind of approach influences chip manufacturers (Intel, Texas 

Instruments) (Fig. 9), who in their eagerness to “simplify” the process produce chips with pins 

arranged asymmetrically and offer manual layout templates, thereby making it much harder to 

solve the problem programmatically. 

After being pushed outside the chip area, conflicts don't really go away, and the density 

of inter-chip connections is not necessarily lower than under the chip. Besides, there is no 

guarantee that no twisted wire sequences (where all wires cross over, as in Fig. 10) will occur on 

any of the layers between the chips. 

 
Figure 10 a, b. A direct sequence and a twisted sequence 

In this case, making the connections between the chips will requires tens of times more 

area. For example, in Fig. 11a and Fig. 11b the difference between the route areas is 70-fold (and 

even greater with orthogonal routing). 
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Figure 11 a, b. Routing a direct and twisted wire sequence 

It should be noted that the term “escape routing” is often used to mean routing “outside 

in” (Fig. 12), where each new layer has eight fewer channels available for routing outside. 

Accordingly, the more layers there are towards the center, the more “semi-routed” nets you get 

(sum of the members of an arithmetic progression). 

 
Figure 12. Routing a BGA “outside in” 

When routing is done “inside out” (Fig. 13, showing one quarter of a BGA being routed) 

the number of channels available for routing does not go down as you change layers, therefore 

much fewer layers are needed for routing large grids in this way (half as many in the limiting 

case) [4]. 

Thus, to route a 784-pad BGA, you will need seven layers instead of ten (Fig. 12), and 

the last layer will use only 28 channels out of 108. The remaining 80 channels can be used for 

changing the order of routes on different layers if necessary.  

 
Figure 13. Routing a BGA “inside out” 
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Topological routing lets you route component areas with gridlike pad arrangements using 

fewer layers. Topological routing [5] is performed in two stages: initial routing and optimization. 

Initial routing is done sequentially. Wire segments are not assigned any layers at this 

point. 

Initial routing uses a special trick to somewhat make up for the dependency on the wire 

routing order: elimination of double crossings in wires with identical width. When a double 

crossing is detected, nets are reassigned for the wire fragments that are between the crossings. 

Fig. 14 shows how wire paths are changed when a double crossing is found. 

 
Figure 14. Eliminating a double wire crossing 

After the initial routing is complete, it undergoes optimization. Before optimization 

begins, each wire fragment is automatically assigned a layer so that crossing wires fall into 

different layers, and layers are populated in such a way as to minimize the number of vias. 

Layering does not make wires longer, does not introduce additional vias and changes the 

situation on the board dramatically. 

The primary optimization method is to sequentially remove wires and finding cheaper 

routes for them. The cost of a route is an integral criterion that involves many factors: 

where S is the route cost, x
i
 is the magnitude of the i-th factor, k

i
 is the factor coefficient, 

k
i
x
i
 is the penalty for the factor magnitude,  [5]. 

Searching for the cheapest route on large boards with dense interconnections is a time-

consuming procedure that doesn't necessarily produce a positive result. Some topological 

conflicts remain, because rerouting wires one by one cannot eliminate them. 

Identifying a specific topological situation and checking if the conflict is resolvable takes 

far less time than finding all possible wire routes and picking the cheapest. 

In the topological model, the causes of excessive wire length—loops (Fig. 15), half-loops 

(Fig. 16) and clinches (Fig. 17) are easily spotted, because all the data needed for the detection is 

already available. 

  
Figure 15. A loop (the projections of wires in the same net to the image plane cross one another) 
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Figure 16. A half-loop (the projections of wires in different nets to the image plane cross one another multiple 

times) and a corrected version 
 

 
 

 
Figure 17. Three wire clinches and a corrected version 

The following clues are used for identifying clinches: 

a) The triangulation edge connecting a pair of objects (such as pads) crosses the wire that 

is incident to one of them (edge a1 in Fig. 18a) 

b) The triangulation edge connects a pair of equipotential objects but is crossed by wires 

from other nets, and the wire that connects them does not run along the edge (arc a1 in Fig. 19a) 

c) Mutual evasion between wires: a wire from net A goes around a pad from net B, and a 

wire from net B goes around a pad from net A (Fig. 20a) 

After a clinch has been spotted, it is fairly easy to check if the conditions for resolving 

the issue are present. 
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Figure 18 a, b. A regular clinch 

 
Figure 19 a, b. A U-clinch 

 
Figure 20 a, b, c. Mutual evasion between wires 

The via count minimization algorithms are based on changing the layer for wire 

segments. An efficient algorithm that solves the problem in the case of two layers can be found 

in [6]. However, this algorithm, like others, does not consider the possibility of changes to the 

wire topology and a further reduction of the number of vias. 

The topological routing software uses algorithms for local minimization of the number of 

vias based on analysis of the vicinity of a pair of adjacent vias. 

In the situation shown on Fig. 21a, reassigning layers to segments does not get rid of 

vias; rerouting the individual wire (Fig. 21b) successfully eliminates the wires but makes the 

wire considerably (36%) longer. The solution in Fig. 21c has no vias, and the length is only 7% 

greater, but this solution cannot be achieved by rerouting individual wires. 
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Figure 21 a, b, c. Ways to eliminate vias 

Conclusion: the topological approach to automatic and interactive routing helps layout 

routes in component areas with gridlike pad arrangements using a minimum of layers, solve a 

variety of local topology optimization problems (getting rid of multiple wire crossings, clinches, 

multi-layer loops and so on) where conventional approaches fail to provide efficient methods. 
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