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		    AN-0971 application note one   technology   way   ?   p. o.   box   9106   ?   norwood,   ma   02062-9106,   u.s.a.   ?   tel:   781.329.4700   ?   fax:   781.461.3113   ?   www.analog.com     recommendations for control of radiated emissions with  iso power devices  by mark cantrell     rev. b | page 1 of 20  introduction  i coupler? digital isolators with integrated isolated power  ( iso power?) employ isolated dc-to-dc converters that switch  currents of ~700 ma at frequencies as high as 300 mhz.  operation at these high frequencies raises concerns about  radiated emissions and conducted noise. pcb layout and  construction is a very important tool for controlling radiated  emissions and noise from applications containing  iso power  components. this application note identifies the radiation  mechanisms and offers specific guidance on addressing them.   several standards for radiated emissions exist. in the u.s.,   the federal communications commission (fcc) controls   the standards and test methods. in europe, the international  electrotechnical commission (iec) generates standards, and  cispr test methods are used for evaluating emissions. the  methods and pass/fail limits are slightly different under the   two standards. although this application note is written with  reference to cispr standards, all results are applicable to both  standards.  with proper design choices, isopower devices can easily meet  cispr class a (fcc class a) emissions standards. with care,  these products can also meet cispr class b and fcc part 15,  subpart b, class b (fcc class b) standards in an unshielded  environment. this application note examines pcb-related emi  mitigation techniques, including board layout and stack-up issues.   the techniques, example layouts, and measurements described in  this application note are highly dependent on the options available  in pcb construction. a 4-layer pcb is required to implement the  evaluated emi control techniques. availability of more internal  pcb layers offers the same emi reductions within smaller  geometry pcbs. for the purposes of this application note, a 4-layer  board was designed and manufactured using materials and  structures well within industry norms.  control of emissions from signal cables and chassis shielding  techniques are outside of the scope of this application note.  iso power overview  the adum5xxx and adum6xxx product families represent a  significant step forward in isolation technology. analog devices,  inc., has leveraged their experience in microtransformer design   to create chip scale dc-to-dc power converters. these power  converters are incorporated into analog devices signal isolation  products. power levels of up to one-half watt are available, at  output voltages ranging from 3.3 v to 15 v.  iso power is used to  power the secondary side of the  i coupler data channels as well  as to provide power to off-chip loads.   because the analog devices standard data couplers use a similar  magnetic technology, emi can be an issue in data-only  i couplers  and the data channels of  iso power devices. emissions from data  channels are addressed in the  an-1109  application note,  control  of radiated emissions in  i coupler devices .  analog devices uses several power architectures to achieve desired  design goals, such as efficiency, small size, and high output voltage  (see  figure 1 ). these architectures have three common ele- ments: a transformer to couple power to the secondary side of  the  i coupler, an oscillator tank circuit that switches current into  the transformer at an optimum frequency for efficient power  transfer, and a rectifier that recreates a dc level on the secondary  side. several regulation methods are used in these products.  the physics of the transformer requires that the oscillator  circuit switch current into the transformer at a rate ranging  from between 180 mhz and 300 mhz. the rectifier circuit on   the secondary side effectively doubles this frequency during the  rectification process. these functions are common in switching  power supplies; however, the operating frequency is three  orders of magnitude higher than a standard dc-to-dc converter.  noise generated by the operation of the converter into the   30 mhz to 1 ghz range is of concern for radiated emissions. osc reg rect open loop with linear regulator adum524x osc reg rect full feedback pwm control adum540x, adum520x, adum5000 adum640x, adum620x, adum6000 osc pwm rect open loop with  pwm control adum5230, adum6132 07541-001   figure 1.  iso power architectures   

 AN-0971  application note   rev. b | page 2 of 20  table of contents  introduction ...................................................................................... 1 ? iso power overview .......................................................................... 1 ? revision history ............................................................................... 2 ? sources of radiated emissions ....................................................... 3 ? edge emissions ............................................................................. 3 ? input-to-output dipole emissions............................................ 3 ? sources of conducted noise ........................................................... 5 ? emi mitigation techniques ............................................................ 6 ? input-to-output stitching ........................................................... 6 ? edge guarding .............................................................................. 7 ? interplane capacitive bypassing ................................................ 8 ? power reduction .......................................................................... 9 ? operating voltage......................................................................... 9 ? recommended design practices.................................................. 10 ? meeting isolation standards ......................................................... 11 ? evaluating pcb structures for emi ............................................. 12 ? edge guarding results .............................................................. 14 ? operating load and voltage dependence.............................. 15 ? interplane capacitance .............................................................. 15 ? integrating techniques .................................................................. 16 ? example 1basic insulation board ........................................ 16 ? example 2reinforced insulation board .............................. 17 ? additional layout considerations........................................... 18 ? conclusions ..................................................................................... 19 ? references.................................................................................... 19 ?   revision history  6/11rev. a to rev. b   changes to introduction section,  iso power overview section,  and figure 1....................................................................................... 1  changes to edge emissions section and input-to-output  dipole emissions section ................................................................ 3  added figure 3; renumbered sequentially .................................. 3  changes to sources of conducted noise section ........................ 5  deleted figure 9; renumbered sequentially................................. 5  changes to emi mitigation techniques section and input-to- output stitching section ................................................................. 6  added safety rated capacitor section and stitching  capacitance built into the pcb section ........................................ 6  added floating capacitive structure section and gap overlap  stitching section ............................................................................... 7  replaced figure 6 and figure 7 ...................................................... 7  changes to edge guarding section................................................ 7  deleted figure 13.............................................................................. 7  deleted table 2; renumbered sequentially .................................. 8  deleted figure 15.............................................................................. 8  changes to figure 9 and figure 10................................................. 8  replaced buried capacitance bypassing section with interplane  capacitive bypassing section.......................................................... 8  added figure 11................................................................................ 8  changes to figure 12 and power reduction section................... 9  replaced figure 13 ........................................................................... 9  deleted appendix aa design example section, figure 16,  and figure 17..................................................................................... 9  added operating voltage section...................................................9  changes to recommended design practices section ............... 10  changes to meeting isolation standards section....................... 11  added figure 14 ............................................................................. 11  added table 1; renumbered sequentially .................................. 11  replaced example board section with evaluating pcb  structures for emi section............................................................ 12  changes to figure 15...................................................................... 12  added figure 16 and figure 17 .................................................... 12  changes to table 2.......................................................................... 13  added stitching capacitance results section, figure 18, and  figure 19 .......................................................................................... 13  added figure 20, edge guarding results section, table 3, and   figure 21 .......................................................................................... 14  added operating load and voltage dependence section,  figure 22, figure 23, and interplane capacitance section ....... 15  added integrating techniques section, figure 24, example 1 basic insulation board section, table 4, and figure 25 ............ 16  added figure 26 through figure 30, example 2reinforced  insulation section, and table 5..................................................... 17  added additional layout considerations section and   figure 31 .......................................................................................... 18  changes to conclusions section and references section......... 19    3/09rev. 0 to rev. a    6/08revision 0: initial version   

 application note  AN-0971   rev. b | page 3 of 20  sources of radiated emissions  there are two sources of emissions in pcbs where  iso power is  used: edge emissions and input-to-output dipole emissions.   edge emissions  edge emissions occur when unintended currents meet the edges  of ground and power planes. these unintended currents can  originate from  ?   ground and power noise generated by inadequate bypass  of high power current sinks.  ?   cylindrically radiated magnetic fields coming from  inductive via penetrations radiated out between board  layers eventually meeting the board edge.  ?   strip line image charge currents spreading from high  frequency signal lines routed too close to the edge of   the board.  edge emissions are generated (see  figure 2 ) where differential  noise from many sources meets the edge of the board, leaking  out of a plane-to-plane space and acting as a wave guide.  ground power 07541-002   figure 2. edge radiation from an edge matched ground power pair  07541-003 ground power signal 20h h   figure 3. edge radiation from an edge mismatched power ground pair  at the edge boundary, there are two limiting conditions. the  edges of the ground and power planes are lined up, as shown in  figure 2 , or one edge is pulled back by some amount, as shown  in  figure 3 . in the first case of lined up edges, there is some  reflection back into the pcb and some transmission of the  fields out of the pcb. in the second case, the edge of the boards  makes a structure similar to the edge of a patch antenna. when  the edges mismatch by  AN-0971  application note   rev. b | page 4 of 20  07541-005 180mhz tank 360mhz rectifier harmonics at 540mhz and 720mhz   figure 5. fft of the near field emissions from a 2-layer board  a board with near field emissions, as shown in  figure 5 , and  without a chassis shield would fail fcc class b emissions  standards by approximately 30 db at the 360 mhz peak.                   

 application note  AN-0971   rev. b | page 5 of 20  sources of conducted noise   the large currents and frequencies also generate conducted  noise on the ground and power planes. this issue is addressed  along with radiated emissions because the causes and remedies  for both types of emi are addressed with the same pcb ground  and power structures.  the inability of the bypass capacitors and ground/power planes  to provide adequate high frequency current to the  iso power dc- to-dc converter causes v dd  noise. the dc-to-dc converter switches  power in bursts of 2.5 ns pulses with an amplitude of ~700 ma.  an ideal bypass capacitor of a few microfarads should be ade- quate to supply the ac component of the current. real world  bypass capacitors are not ideal, and they connect to one or,  more likely, both of the power planes by an inductive via. in  addition, a large distance between ground and power planes  creates a large inductance between them, restricting their ability  to supply current quickly. these factors contribute to a large  fraction of a volt of high frequency noise on the v dd  plane.  

 AN-0971  application note   rev. b | page 6 of 20  emi mitigation techniques  many mitigation techniques are available to the designer.  several techniques that apply directly to the  iso power devices  are identified in this section. the choice of how aggressively  emi must be addressed for a design to pass fcc/cispr  emissions levels depends on the requirements of the design as  well as cost and performance tradeoffs. the easiest radiated  emi mitigation technique to implement is to place the pcb in a  grounded chassis with filter elements limiting noise escaping on  cable shields. although this application note does not describe  this option, note that, where pcb related techniques are  impractical, this method remains available.  the emi mitigation practices rely on having relatively  continuous ground and power planes and the ability to specify  their relative positions and distances in the stack-up. this  dictates that the minimum total number of planes is three:  ground, power, and signal planes.   for practical considerations in board manufacture, a 4-layer  board is the minimum stack-up. more layers are acceptable and  can be used to greatly enhance the effectiveness of the recom- mended techniques.  the following techniques are effective in reducing emi  radiation and on-board noise:  ?   input-to-output ground plane stitching capacitance  ?   power control   ?   edge guarding   ?   interplane capacitive bypass  circuit boards with test structures were prepared to evaluate  each of these emi mitigation techniques utilizing the adum540x.  the layout of each board was varied as little as possible to allow  meaningful comparison of results. testing was conducted at an  emi test facility in a shielded chamber. as expected, during  emi testing, it was determined that the emissions at the tank  frequency (180 mhz) were predominantly in the plane of the  board, suggesting that the primary mechanism for radiation is  from the pcb edges. the rectification emissions (360 mhz)   are primarily perpendicular to the isolation gap in the board,  suggesting input-to-output dipole radiation.  input-to-output stitching  when current flows along pcb traces, an image charge follows  along the ground plane beneath the trace. if the trace crosses a  gap in the ground plane, the image charge cannot follow along.  this creates differential currents and voltages in the pcb  leading to radiated and conducted emissions. the solution is   to provide a path for the image charge to follow along with the  signal. standard practice is to place a stitching capacitor in  proximity to the signal across the split in the ground plane (see  pcb design for real-world emi control  by archambeault and  drewniak in the  references  section). this same technique  works to minimize radiation between ground planes due to the  operation of  iso power.  there are at least three options to form a stitching capacitance.   ?   a safety rated capacitor applied across the barrier.  ?   a floating metal plane spanning the gap between the  isolated and nonisolated sides on an interior layer, as  shown in  figure 6 .  ?   extending the ground and power planes on an interior  layer into the isolation gap of the pcb to form a capacitor,  as shown in  figure 7 .  each of these options has its advantages and disadvantages in  effectiveness and area required to implement.   safety rated capacitor  a stitching capacitance can be implemented with a simple ceramic  capacitor across the barrier. capacitors with guaranteed creep- age, clearance, and withstand voltage can be obtained from  many major capacitor manufacturers such as murata, johansen,  hitano, and vishay. safety rated capacitors are available in  several grades depending on their intended use. the y2 grade is  used in line-to-ground applications where there is danger of  electric shock and is the recommended safety capacitor type for  a stitching capacitor in a safety rated application. this type of  capacitor is available in surface-mount and radial leaded disk  versions.  because safety capacitors are discrete components, they must   be attached to the pcb with pads or through holes. this adds  inductance to the capacitor on top of its intrinsic inductance.   it also makes the stitching capacitor localized, demanding that  currents flow to the capacitor, which can create asymmetrical  image charge paths and added noise. these factors limit the  effectiveness of discrete capacitors to frequencies below about  200 mhz.  stitching capacitance built into the pcb  the pcb itself can be designed to create a stitching capacitor  structure in several ways. a capacitor is formed when two  planes in a pcb overlap. in this type of capacitor, the  inductance of the parallel plate capacitor formed is extremely  low, and the capacitance is distributed over a large area.   these structures must be constructed on internal layers of a  pcb. the surface layers have minimum creepage and clearance  requirements; therefore, it is not practical to use surface layers  for this type of structure. this requires a minimum of four  board layers.  a good option is to use a floating metal structure on an interior  layer of the board to bridge between the primary and secondary  power planes. note that, hereafter, planes dedicated to ground  or power are referred to as reference planes because, from an ac  noise point of view, they behave the same and can be used for  stitching capacitance interchangeably.  

 application note  AN-0971   rev. b | page 7 of 20  floating capacitive structure  an example of a floating stitching capacitance is shown in  figure 6 . the reference planes are shown in blue and green,   and the floating coupling plane is shown in yellow. the capaci- tance of this structure creates two capacitive regions (shown  with shading) linked by the nonoverlapping portion of the  structure. to ensure that optimum capacitance is created for   the area of the structure, the overlap areas of the primary and  secondary sides should be equal.  07541-006 w 1 w 2 i d   figure 6. floating stitching capacitance  the capacitive coupling of the structure in  figure 6  is calculated  with the following basic relationships for parallel plate capacitors:  21 21 cc cc c +  = ,  d cc x a 21  == , and   =   0    r   where:  c  is the total stitching capacitance.  a x  is the overlap area of the stitching capacitance to each  reference plane.  d  is the thickness of the insulation layer in the pcb (see  figure 6 ).   0  is the permittivity of free space, 8.854  10 ?12  f/m.   r  is the relative permittivity of the pcb insulation material,  which is about 4.5 for fr4.  ? ? ? ? ? ? ? ? +  = 21 21 ww ww d l c   (1)  where  w 1 ,  w 2 ,  d , and  l  are the dimensions of the overlapping  portions of the floating plane and the primary and secondary  reference planes, as shown in  figure 6 .   if  w 1  = w 2 , the equation simplifies to   d lw c  1 =  (2)  there are advantages and disadvantages of this structure in real  applications. the major advantage is that there are two isolation  gaps, one at the primary and one at the secondary. these gaps  are called cemented joints, where the bonding between layers   of fr4 provides the isolation. there are also two sequential  paths through the thickness of the pcb material. the presence  of these gaps and thicknesses is advantageous when creating a  reinforced isolation barrier under some isolation standards.   the disadvantage of this type of structure is that the capacitance  is formed under active circuit area so there can be via penetra- tions and traces that run across the gaps. equation 2 also shows  that the capacitance formed is half as effective per unit area  used compared to a simple parallel plate capacitor.  this architecture is best suited to applications where a larger  amount of board area is available or where reinforced insulation  is required.  gap overlap stitching  a simple method of achieving a good stitching capacitance is to  extend a reference plane from the primary and secondary sides  into the area that is used for creepage on the pcb surface.  07541-007 w i d   figure 7. overlapping plane stitching capacitance  the capacitive coupling of the structure in  figure 7  is calculated  with the following basic relationships for parallel plate  capacitors:  d a c  =  and    =   0     r  (3)  where:  c  is the total stitching capacitance.  d  is the thickness of the insulation layer in the pcb,   0  is the permittivity of free space, 8.854  10 ?12  f/m.   r  is the relative permittivity of the pcb insulation material,  which is about 4.5 for fr4.  d lw c  =  (4)  where  w ,  d , and  l  are the dimensions of the overlapping portion  of the primary and secondary reference planes, as shown in  figure 7 .  the major advantage if this structure is that the capacitance is  created in the gap beneath the isolator, where the top and  bottom layers must remain clear for creepage and clearance  reasons. this board area is not utilized at all in most designs.  the capacitance created is also twice as efficient per unit area as  the floating plane.  this architecture has only a single cemented joint and a single  layer of fr4 between the primary and secondary reference  planes. it is well suited to smaller boards where only basic  insulation is required.  edge guarding  noise on the power and ground planes that reaches the edge of  a circuit board can radiate as shown in  figure 2  and  figure 3 .   if the edge is treated with a shielding structure, the noise is  reflected back into the interplane space (see archambeault and  drewniak in the  references  section). this can increase the  voltage noise on the planes but reduces edge radiation.   making a solid conductive edge treatment on a pcb is possible,  but the process is expensive. a less expensive solution that 

 AN-0971  application note   rev. b | page 8 of 20  works well is to treat the edges of the board with a guard ring  structure laced together by vias. the structure is shown in  figure 8  for a typical 4-layer board.  figure 9  shows how this  structure can be implemented on the power and ground layers  of the primary side of a circuit board.  ground ground via edge fence and guard rings 07541-008 power   figure 8. via fence structure, side view  0 7541-009   figure 9. via fence and guard ring,   shown on the primary power plane layers  there are two goals in creating edge guarding. the first is to reflect  cylindrical emissions from vias back into the interplane space, not  allowing it to escape from the edge. the second is to shield any  edge currents flowing on internal planes due to noise or large  currents.  the spacing of the vias used to create the edge guard is difficult to  determine without extensive modeling. analog devices test boards  used 4 mm via spacing for the evaluation boards. this spacing is  small enough to provide attenuation to signals less than 18 ghz,  and it conformed to general guidance from other sources. the  number of vias required is reasonable. further investigation into  the via density was not conducted.   interplane capacitive bypassing  interplane capacitance bypassing is a technique intended to  reduce both the conducted and radiated emissions of the board  by improving the bypass integrity at high frequencies. this has   two beneficial effects. first, it reduces the distance that high  frequency noise can spread in the ground and power plane pair.  second, it reduces the initial noise injected into the power  ground planes by providing a bypass capacitance that is effec- tive between 200 mhz and 1 ghz (see archambeault and  drewniak in the  references  section). power and ground noise  reduction provides a better operating environment for noise  sensitive components near the  iso power device. conducted  emissions are reduced proportionate to the reduction in power  and ground noise. the reduction in radiated emissions is not as  significant as that achieved with the stitching or edge guarding  techniques; however, it significantly improves the power  environment of the board.   the stack-up used for emi test boards was signal-ground- power-signal, as shown in  figure 10 . a thin core layer is used  for the power and ground planes. these tightly coupled planes  provide the interplane capacitance layer that supplements the  bypass capacitors required for proper operation of the device.  ground power signal/power buried capacitive layer signal/ground 07541-010   figure 10. pcb stack-up for interplane capacitance  in addition to the ground and power planes, the capacitance can  be increased even further by filling signal layers with alternating  ground and power fill. the top and bottom layers in  figure 10   are labeled signal/power and signal/ground to illustrate the fills  on those particular layers. this has the added benefit of creating  additional shielding for emi that leaks around the edges of a via  fence structure, keeping it in the pcb. care must be taken when  making ground and power fills. these fills must be tied back to  the full reference plane because a floating fill can act as a patch  antenna and radiate instead of shielding. some recommended  practices for fills include  ?   fills should be tied to their appropriate reference plane  along the edges with vias every 10 mm.   ?   thin fingers of fill should be removed.  ?   if the fill has an irregular shape, put vias at the extreme  edges of the shape.  07541-011 power fill grounded via fence via to reference plane avoid small fill islands   figure 11. features of fill  the effectiveness of interplane capacitance is shown in  figure 12 .  it shows the noise generated by the pwm controlling the  primary side oscillator in an adum5xxx series part. in the top  section is the noise on the v dd1  pin generated in a 2-layer bo the center section shows a substantial improvement in a pcb  with ground and power planes separated by 24 mil. finally, in the lower pane, a tightly spaced ground and power plane with 4 mil separation shows noise much smaller than the supply ripple.  ard.     a 

 application note  AN-0971   rev. b | page 9 of 20  2-layer board no power plane 24mil spacing between power and ground 4mil spacing between power and ground ? 460mv ? 104mv ? 64mv 07541-012   figure 12. v dd  voltage noise for various stack-up options  power reduction  in  iso power devices with active feedback architecture, emissions  can be reduced by keeping the tank circuit off as long as possi- ble. running  iso power with light loads achieves this for the  adum5xxx and adum6xxx devices. load reduction proves to  be a very significant factor in emissions levels.  operating voltage  the operating voltage is the last parameter to choose when  designing with  iso power. it is not as straightforward as simply  selecting a low power or low voltage operating condition. as  shown in  figure 13 , the emissions at 180 mhz correlate closely  with the duty factor of the pwm regulation signal and are  largely independent of operating voltage. the pwm duty factor  controls the proportion of time that the tank oscillator is  actively switching. it implies that the noise generated by the  tank circuit (180 mhz peak) is not directly proportional to the  average current.  33 5v 3.3v 31 29 27 25 23 21 19 17 15 0 1020 30405060 70 pwm duty factor (%) emissions (dbv/m) 07541-013   figure 13. emissions at the 180 mhz tank frequency vs. pwm duty factor  emissions at 360 mhz is proportional to the average load  current. in practical application, this means that choosing  whether it is better to operate at 3.3 v or 5 v from an emi point  of view depends on which peak needs to be controlled and the  required load current. see the  operating load and voltage  dependence  section of this application note for additional  information.  

 AN-0971  application note   rev. b | page 10 of 20  recommended design practices  consider the following general design practices for minimizing  emi issues on pcbs. these methods do not introduce any  additional isolation boundaries in the pcb that need  certification review.  ?   use a stack-up of at least four layers.  ?   space the power and ground plane as closely as practical to  optimize bypass.  ?   all vias in the power path should be as large as practical.  small vias have high inductance and generate noise. using  multiple small vias is not as effective in reducing via induct- ance as a single large via because the bulk of the current  goes through the closest via, even if multiple paths are  present.  ?   be very careful to route signal lines against a single refer- ence plane. it is vital to maintain the image charge path so  that image charges do not have to travel by circuitous routes  to meet back with the original signal on another plane.  ?   do not route high speed lines close to the edges of the pcb.   ?   routing data or power off boards, especially through  cables, can introduce an additional radiation concern.  feedthrough filter capacitors or similar filter structures can  be used to minimize cable radiation.   

 application note  AN-0971   rev. b | page 11 of 20  meeting isolation standards  the techniques described in this application note do not affect  board isolation, with the exception of input-to-output coupling  through a stitching capacitance. when stitching is implemented  with a safety capacitor, the capacitor has rated working and  transient voltages, as well as specified creepage and clearance.  this makes the safety capacitor relatively easy to deal with from  a certification point of view. however, its performance as an  emi suppression element is limited.  the pcb stitching capacitor, by its nature, is most effective when  conductors are located as close to each other as possible. to  obtain maximum performance from these elements, it is neces- sary to push the internal spacing requirements as close to the  limit as possible, while maintaining safety. different standards  can have completely different approaches to pcb construction and  the applicable standard must be applied.  certification agencies treat the surface layers of a multilayer  pcb differently than interior layers. the surface has creepage  and clearance requirements that are driven by air ionization and  breakdown along dirty surfaces. interior layers are treated as  solid insulation or permanently cemented joints between solid  insulation.  creepage/ clearance cemented joint 07541-014 through insulation   figure 14. critical distances in pcb design  in pcb insulation, it is important to certification agencies that  materials have an adequate dielectric breakdown to pass the  transient test requirements and that they are constructed in a  way that the insulation does not break down over time.  tabl e 1   compares four standards to what is required to make a basic or  reinforced insulation barrier inside a pcb.  in the case of basic insulation in printed circuit boards, there is  no minimum specification for distance through the insulation.  thus, the designer has a great deal of flexibility in board layout.  materials such as fr4 must be thick enough to withstand the  required overvoltage for the life of the product.  reinforced insulation requires a minimum distance of 0.4 mm  (about 16 mil) of insulation along a bonded surface, such as the  gap between copper structures on an internal pcb layer or  directly through the insulation from layer to layer in most cases.  in addition, there can be type testing requirements for circuit  boards unless multiple layers of insulation are used between  active structures. although this requirement necessitates careful  board design and possibly more than four layers, it should not  be burdensome if taken into account at the start of a design.   capacitive coupling across the isolation barrier allows ac  leakage and transients to couple from one ground plane to the  other. although 300 pf seems small, high voltage, high speed  transients can inject significant currents across the barrier  through this capacitance. take this into account if the  application is to be subjected to these environments. table 1. comparison of isolation creepage in isolation standards    iec 60950  iec 61010 2nd edition  iec 61010 3rd edition  iec 60601  type of  insulation  through insulation  (2.10.6.4)  along a  cemented  joint (2.10.6.3)  through  insulation  (6.7.2.2.3)  along a  cemented joint  (6.7.2.2.3)  through  insulation (6.7)  along a  cemented  joint (6.7)  cemented and  solid insulation  functional  insulation  no requirement  no  requirement  no  requirement  no requirement  0.4 mm minimum  0.4 mm  minimum  verified by test  basic insulation  no requirement  no  requirement  no  requirement  no requirement  0.4 mm minimum  0.4 mm  minimum  verified by test  supplemental/  reinforced  insulation  0.4 mm minimum or  multiple layers of  insulation, precured  0.4 mm  minimum  (2.10.5.2)  no  requirement  no requirement  0.4 mm minimum  or multiple layers  of insulation,  precured  0.4 mm  minimum  verified by test     

 AN-0971  application note   rev. b | page 12 of 20  evaluating pcb structures for emi  choosing a combination of pcb structures and techniques can  achieve the desired system radiated emi goal. there are two  sets of standards for radiated emissions, one from the united  states federal communications commission (fcc) and a  second from comit internationale spcial des perturbations  radioelectrotechnique (cispr), a special committee of the iec.  60 50 40 30 20 10 0 10 100 1000 10000 frequency (mhz) emissions limits (dbv/m) 07541-015 fcc class b fcc class a cispr 22 class b cisrr 22 class a   figure 15. fcc and cispr limits corrected to 10 m antenna distance  in this application note, the cispr22 emissions standards are  used for evaluating the pcb results.  figure 15  shows the relation- ship between fcc and cispr levels. over most of the spectrum,  the cispr levels are more conservative than the fcc levels,   and because many products for the international markets must  address both standards, only the cispr pass limits are refer- enced in this application note. refer to  figure 15  for the relevant  fcc levels if they are required for analysis.  effectiveness of the emi mitigation techniques was verified by  creating a set of evaluation boards with different combinations  of stitching capacitance, edge guarding, and size. the control  for these experiments was a 4-layer pcb with interior ground  and power planes separated by 4 mil of fr4. this gives a good  amount of interplane capacitance on each side of the boundary,   no edge guarding, and no stitching capacitance, as shown in  figure 16 . testing was conducted at an emi facility in a 3 m  screen room. the goal was to view the broad spectrum of  emissions rather than to focus on individual peaks. peaks from  this test correlate well to the results from the 10 m far field  results.  07541-016 75   figure 16. control board  referring to  figure 15 , the emissions at these frequencies must  be below 30 dbv/m at 180 mhz and below 37 dbv/m at  360 mhz normalized to 10 m antenna distance to achieve  class b emissions levels. the configuration of the control board  is considered a standard pcb layout for isolation application.  emissions at a 5 v operating condition and full load represent  the worst case for radiated emissions.  figure 17  shows the  facility data collected for the control board. the features to note  are the tank frequency peak at 180 mhz and the rectification  frequency of 360 mhz. the harmonics at higher frequencies  usually disappear when emi mitigation is applied.   07541-017 55 field strength corrected to 10m (dbv/m) 75 65 70 60 50 45 40 35 360mhz 180mhz 720mhz 540mhz emissions frequency (mhz) 30 50 100 300 500 1k 900mhz   figure 17. emissions from the control board at 5 v and 90% load  table 2  shows that emissions from this board are significant and  must be reduced by 32 db for the 360 mhz peak and 36 db for  the 180 mhz peak to bring them into compliance with cispr  class b. reducing that 36 db of emissions is the goal of the design. 

 application note  AN-0971   rev. b | page 13 of 20  in the  stitching capacitance results  and  edge guarding results   sections, the data presented is normalized to the 5 v/5 v 90%  load condition with no stitching capacitance, so that values  from  figure 20 ,  figure 22 ,  figure 23 , and  table 3  can be sub- tracted from the baseline operation of the application board  directly.  table 2. class b emission limits  requirements  180 mhz  360 mhz  2-layer pcb emissions  62 db  73 db  class b limit  30 db  37 db  required emi reduction  32 db  36 db  stitching capacitance results  the addition of stitching capacitance has proven to be the most  effective way to reduce emissions across the entire spectrum. it  is most effective when it has very low inductance and is spread  across the entire length of the barrier. the optimum geometry  to achieve a level of stitching capacitance is dependent on available  space and requirements of the regulatory requirements control- ling the design. for this evaluation, a gap overlap capacitance  was implemented because it develops a large capacitance and  uses a part of the pcb that is usually cleared of all traces and  components. several other options are available and are  described in the  integrating techniques  section.  figure 18  shows the pcb layout with the internal planes outlined.  the board is built on a 4 mil core with power and ground planes  extending from each side to overlap in the middle. the overlap  is l = 114 mm by w = 6.5 mm and the separation, d = 0.1 mm.  applying equation 4, the stitching capacitance is 300 pf. an  additional pcb was made with a shorter length to generate  150 pf of stitching capacitance. a modification allowed 75 pf  capacitance measurements as well.  an example data set is shown in  figure 19 . the peaks can  clearly be seen at the expected frequencies. the two curves  represent the control board with no stitching capacitance and  the 300 pf overlap stitching capacitor configuration. there is a  dramatic 25 db to 30 db drop in emissions due to the stitching  capacitance depending on the peak. the peak values vary with  load and voltage, but the reductions are independent of  operating voltage and load current.  07541-018   figure 18. overlap stitching capacitance  07541-019 emissions (dbv/m) 62 57 52 47 42 37 32 27 22 17 12 7 frequency (mhz) 40 70 100 200 400 700 1k no stitching 300pf stitching   figure 19. effect of 300 pf of stitching capacitance on emissions of a 10%  loaded adum540x  figure 20  summarizes the emissions as a function of stitching  capacitance. note that the shape of the curves is dependent on  the frequency range of the emissions peak. lower frequency  emissions (200 mhz) have the majority of their reduction at less   than 150 pf. 

 AN-0971  application note   rev. b | page 14 of 20  0 ?5 ?10 ?15 ?20 ?25 ?30 ?35 0 50 100 150 200 250 300 stitching capacitance (pf) emissions (dbv/m) 07541-020 180mhz 360mhz   figure 20. reduction in emissions due to stitching capacitance for 5 v/5 v  operation at 10% load  the difference in the shape of the curves seems to be primarily  related to inductance in the capacitive coupling and the required  amount of capacitance to achieve the optimum result. at  360 mhz the low inductance stitching has sufficiently coupled  the input and output planes with 150 pf. the 180 mhz emis- sions are primarily from the input plane and more bulk  capacitance is required to reduce emissions. this makes some  options available; because most component capacitors are still  very effective as bypass below 200 mhz, the stitching capaci- tance can be made from a combination of pcb based stitching  for low inductance and discrete component capacitors to  increase the total capacitance. several examples of options   are examined in the  integrating techniques  section.  the shape of the curves shows that when the amount of  stitching capacitance is limited due to available board space,  other measures must be taken to reduce the low frequency  emissions, such as adding component capacitance or edge  guarding.  edge guarding results  in  iso power systems, the bulk of the current flows in the  primary side ground and power planes and the vias that  connect them to the active pins. this results in the majority   of the edge radiation occurring on the primary side. edge  guarding is most effective when applied to the planes of the  primary side of the converter.  figure 21  illustrates adding edge  guarding to the test vehicle.   table 3. edge guarding reduction in emissions  board type  180 mhz  360 mhz  edge guard   ?11 dbv/m  ?4.5 dbv/m    07541-021   figure 21. overlap stitching ca pacitance, edge guarding, and  ground/power fills  guarding is installed on both sides, but it is less effective on the  secondary planes. a guard ring was applied to each layer, except  the reference layer (see  figure 8  and  figure 9 ), and the layers  linked together with vias every 4 mm. there are a few options  for fencing near the  i coupler. if spacing is tight, the fence can  be interrupted on all layers under the device, as shown in  figure  21 . guard rings can also be interrupted only on the top and botto layers and can continue on interior layers. the more disruption  there is in the edge fence, the more emi leakage is possible.  m  in some system isolation requirements, there can be a large  distance required along cemented joints, up to the full surface  creepage. in these cases, stitching and edge guarding is still  possible and even more desirable. if long internal pcb creepage  is required, in many cases, the stitching capacitance structures  appear very similar to the offset edge case shown in  figure 3 ,  which can be an efficient radiator. an example of using edge  guarding for offset edges is shown in  figure 27 .  results for the edge guarded board are presented in  table 3 .  because most of the edge emissions are generated on the  primary side by the large primary side currents, the largest  reductions are in the 180 mhz peak, typically about ?11 dbv/m.  the results for the 360 mhz peak are less than half as large.           

 application note  AN-0971   rev. b | page 15 of 20  0 ?5 ?10 ?15 ?20 ?25 ?30 0 0.02 0.04 0.06 0.08 0.10 i iso  current (a) emissions (dbv/m) 07541-023 5v 3.3v   operating load and voltage dependence  emissions are directly related to the length of time the tank  oscillator is on.  figure 22  and  figure 23  show how emissions at  the tank frequency and the rectification frequency vary with  load. the emissions are nearly linear with the current at higher  loads. the emissions drop significantly at very light loads where  the tank circuit may not turn on completely. with both a light  load and a low output voltage, it is possible to reduce tank and  rectification emissions by over 20 db.  because of the relationship of the tank duty factor to the load  current at different voltages, the 180 mhz radiation when  operating at 60 ma and 3.3 v load contains as much energy as  operating at 100 ma and 5 v (see  figure 22 ). however, the  power transferred at 5 v is more than twice as high.  figure 23. emissions at 360 mhz vs. load current  2 0 ?2 ?10 ?4 ?8 ?6 ?12 ?14 ?16 0 0.02 0.04 0.06 0.08 0.10 i iso  current (a) emissions (dbv/m) 07541-022 5v 3.3v   when comparing the 180 mhz and 360 mhz responses at differ- ent voltages, these results show that operating at 3.3 v and low  load, there is only a small penalty at 180 mhz and a benefit at  360 mhz. if there is a high load current, it is best to run at 5 v.  interplane capacitance  the use of interplane capacitance in these designs has a mar- ginal effect on emissions but a significant effect on power supply  noise. the same layers used for stitching capacitance also make  interplane capacitance on each side of the barrier. the same  characteristics that produce good coupling for a stitching capaci- tance also make good interplane capacitance, that is, thin layers  and continuous planes.  the board shown in  figure 21  has alternating ground and  power fills implemented in unused sections of signal layers.  this can add to the interplane capacitance and has no effect on  isolation. the islands of fill are connected to their respective  planes with vias every 10 mm, and the layout is careful to avoid  fingers of fill or isolated islands.  figure 22. emissions at 180 mhz vs. load current  when the 360 mhz behavior is examined in  figure 23 , it  behaves more as expected with the 3.3 v emissions lower over  almost the entire operating range. there is a significant benefit  to running at 3.3 v at low load conditions.  use of signal layers in high layer count boards can also allow  increased stitching capacitance by interdigitation of multiple  layers (see the  integrating techniques  section for additional  information).   

 AN-0971  application note   rev. b | page 16 of 20  integrating techniques  determining exactly which of the methods described in this  application note should be combined to achieve the emissions  target requires an expected baseline emissions measurement.  the behavior of the control board can be used if no other esti- mate is available. many of the options do not have a large impact  on cost or area and can be implemented on any multilayer pcb.  the process of choosing the pcb layout and application tech- niques to minimize emi is illustrated in  figure 24 . this breaks  the process down into three categories: items that do not affect  isolation, items that have isolation impacts, and, finally, a  system level approach, such as shielding.  07541-024 steps to minimize iso power emi minimize load yes reinforced basic no edge guarding 3.3v operation buried capacitance system shielding floating stitching capacitor overlapping stitching capacitor safety stitching capacitor safety stitching capacitor medical application? protection level these features can be implemented with minimal cost and board space and no impact on isolation. these features can impact isolation ratings. system shielding is undesirable in most cases.   figure 24. selecting emi mitigation options   to illustrate this process, two examples are examined, which  cover most aspects of the process. to start with, create two types  of application boards.  ?   a pcb capable of 60 ma of average current that must meet  basic insulation  ?   a pcb that supplies less than 10 ma of current but is  capable of reinforced insulation  the control board is used as the baseline. its emissions at full  load are shown in  table 2  along with the cispr class b limits.   example 1basic insulation board  for the first layout example, the 60 ma load is assumed to be  the maximum load required for the application. this reduces  the emissions by several decibels without any design effort.  however, because this is still a relatively heavy current applica- tion from an  iso power perspective, edge guarding of the primary  side is recommended. edge guarding reduces the 180 mhz peak  by 10 db and provides some reduction of the 360 mhz peak as  well. in addition, with the large power requirement, choosing a  5 v/5 v operating condition gives the lowest emissions (see  figure 22 ). optimizing interplane capacitance should be consid- ered if there are sensitive analog circuits or long cables attached  to the application pcb, but it is optional.  the emissions have been reduced to 11 db to 15 db from the  baseline with the methods already used, but to obtain the 32 db  and 36 db reductions required for class b, stitching capacitance  must be employed. because this is not a medical application,   the user has the flexibility to add cross barrier capacitance. only  basic insulation is required; therefore, the smallest size of the  stitching capacitor is the single overlap option. adding up the  reductions thus far yields 15 db in the 180 mhz peak and 11 db  in the 360 mhz peak. this leaves 17 db in the lower frequency  and 21 db at the higher frequency to obtain. as shown in  figure  
 140 pf of stitching is required to achieve the goal for the 360  .)[ peak, but 250 pf is required to make the 180 mhz peak  nffu the desired level. using equation 4, assuming a 4 mil  ejfmfdusjd and an 8 mm overlap, a 77 mm long capacitor  tusvduvsfjt required to produce a 250 pf ca pacitance.   table  4. basic insulation 4-layer board      relative  change  parameter  value  180 mhz  peak  360 mhz  peak  power level  60 ma at 5 v  ?4 dbv/m  ?7 dbv/m  edge guarding  n/a  ?11 dbv/m  ?4 dbv/m  stitching  250 pf  ?17 dbv/m  ?27 dbv/m  total    ?32 dbv/m  ?38 dbv/m  table 4  shows a summary of the reductions achieved with a  250 pf stitching capacitance with edge guarding and 60 ma of  current at 5 v. the capacitive stitch is built as shown in  figure 25 .  note that, with a 4-layer board, the full pcb creepage must be  observed on the top and bottom layers, but the spacing can be  much smaller on the internal layers.  07541-025 signal/gnd fill surface creepage pwr gnd signal/pwr fill cemented joints   figure 25. basic insulation single overlap stitching capacitor   

 application note  AN-0971   rev. b | page 17 of 20  this design may be acceptable if 77 mm of overlap length is  available. if space is at a premium, an additional option is  shown in figure 26. because the required capacitance for the  360 mhz peak is smaller than what is required at 180 mhz,  design the pcb for the 140 pf stitching capacitance and  supplement with a safety rated capacitor. this reduces the  length of the stitching capacitor to 44 mm and adds a 160 pf  safety capacitor.  0 7541-026 signal/gnd fill pwr gnd signal/pwr fill   figure 26. augmented stitching with safety capacitor  finally, figure 27 shows the basic insulation structure with edge  guards in place. note that the ground planes used for the edge  guard are also used for the stitching capacitor. this avoids the  20h patch antenna effect.  07541-027 signal/pwr fill gnd pwr signal/gnd fill signal/gnd fill pwr gnd signal/pwr fill   figure 27. edge guarding added to the basic capacitive stitching  an additional technique to increase capacitance without large  pcb space is to use interdigitated stitching capacitors, as shown  in figure 28. because the extra layers that overlap are connected to  the primary planes with vias, the extra planes are more induc- tive than the primary overlap. this is not typically a problem  because the lower frequency peak requires the largest capacitance  and more inductance can be tolerated. as noted previously,  when edge guarding is used, it works best to use the edge guard  ground planes for coupling.  07541-030 signal/pwr fill signal/gnd fill pwr gnd signal/pwr fill signal/gnd fill signal/pwr fill signal/gnd fill pwr gnd signal/pwr fill signal/gnd fill signal/pwr fill signal/gnd fill pwr gnd signal/pwr fill signal/gnd fill signal/gnd fill signal/pwr fill gnd pwr signal/gnd fill signal/pwr fill   figure 28. different methods of interdigitating stitching capacitance to  maximize coupling  example 2reinforced insulation board  the second board requires reinforced insulation. the analysis  of edge guarding remains the same. because the current level is  low, there is an advantage in the 360 mhz peak to run the  supply at 3.3 v/3.3 v (see figure 23).   07541-028 signal/gnd fill pwr gnd signal/pwr fill surface creepage 2-layer barrier cemented joints   figure 29. minimum reinforced insulation, floating stitching capacitor  if the standards for this example allow a 2-layer reinforced  structure, a stitching capacitor can be constructed as shown   in figure 29. performing a calculation similar to the previous  example, the minimum stitching capacitance is 210 pf. because  the floating stitch in reinforced applications uses twice the area  as the single overlap, this results in the capacitor being very  large (see equation 2).  table 5. reinforced 4-layer board emissions     relative  change  parameter value  180 mhz  peak  360 mhz  peak  power level  10 ma at 3.3 v  ?10 dbv/m  ?22 dbv/m  edge guarding  n/a  ?11 dbv/m  ?4 dbv/m  stitching   210 pf  ?11 dbv/m  ?26 dbv/m  total    ?32 dbv/m  ?52 dbv/m  in example 1, a safety capacitor was used to supplement  stitching at low frequencies so that the pcb stitching capacitor  can be reduced. this can be done in this context as well, but  high voltage safety capacitors are relatively expensive, and there  may be regulatory restrictions; therefore, it is undesirable to use  safety capacitors. there are, however, alternatives for both safety  and size.  if more layers are available, a safety rated stitching capacitor can  be constructed, as shown in figure 30. this structure places at  least four layers of pcb material between the active input and  output structures. for most agencies, it is acceptable without  test or certification. the capacitance can be complicated to  calculate because there can be coupling to several layers, but the  spacing is larger as well. usually, this highly reinforced pcb has  the largest area requirements.  07541-029 signal/gnd fill pwr signal gnd signal/pwr fill signal/gnd fill surface creepage 4-l a yer barrier cemented joints   figure 30. reinforced insulation, floating stitching capacitor 

 AN-0971  application note   rev. b | page 18 of 20  additional layout considerations  in the previous examples, the boards have small internal  distances between the primary and secondary planes to  maximize coupling and minimize radiation. the design  guidelines apply to the well-controlled areas away from the  edges of the pcb. however, care must be taken at the edges of  the circuit board to maintain the same level of robustness at the  edges as in the field. the two properties of breakdown that must  be addressed are the relatively low breakdown of air and the  intensification of electric fields at metallic corners or points.  planes that are exposed at the edge of the pcb or even close to  the edge of the pcb can provide a breakdown path.  boards are manufactured in large sheets, then cut or scribed  and snapped into individual boards. the cutting operations can  be inaccurate or cause cracking and fraying of the fr4 material.  if the tightly spaced internal layers come near the edge of the  board, they can be exposed to low breakdown air by inaccurate  cutting or microscopic cracking of the fr4. this creates problems,  especially if the gap between the input and output layers termi- nates at the edge of a pcb at a sharp corner, which enhances  electric fields and becomes the most likely location for arcing.  it is highly recommended that the inside corners of the interior  planes be beveled such that they have the full creepage of the  top layers where they intersect the edges of the pcb.  figure 31  shows a poor and a good layout where interior planes  meet the edge of a board. the top drawing illustrates two planes  that are closely spaced in the field of the pcb. the corners near  the top and bottom of the gap are closely spaced and extend all  the way to the edge of the pcb. because the pcb integrity can  be lower at this point, or the pcb sectioning process may even  expose the planes, this is a prime location for high voltage  breakdown.  the lower diagram in  figure 31  shows how rounding (exagger- ated for emphasis) or beveling the corners and pulling the  overlap portion of the plane back from the edge keeps this from  being a weak point in the isolation design. it eliminates sharp  corners and moves an edge of one of the planes back far enough  to ensure sufficient high integrity pcb material is present near  the edge.  07541-031 potenti a l breakdown better design avoids breakdown   figure 31. designs for close planes meeting the pcb edges     

 application note  AN-0971   rev. b | page 19 of 20  conclusions  each method outlined in this application note addresses specific  radiation sources and can be combined with the other techniques  described to achieve the desired reductions in the associated  emissions. test boards easily meet cispr or fcc class b  standards with no external shielding by using interplane  stitching capacitors and edge fencing. in addition, use of interplane  decoupling capacitance in the ground and power planes  produces a very quiet environment for precision measurement  applications.  although this application note relies on data collected on the  adum540x devices, the techniques are applicable across the  iso power line. all  iso power products contain similar tank and  rectification circuits. the largest currents flow on the primary  side of the devices, causing these devices to behave in a similar  manner from a radiated emissions point of view.  where low ac leakage is required, as in some medical  applications, stitching capacitance may not be a viable solution.  in these applications, grounded metallic chassis enclosures may   be the most practical solution  for minimizing emissions.  references  archambeault, bruce r. and james drewniak. 2002. pcb  design for real-world emi control. boston: kluwer  academic publishers.  gisin, franz and pantic-tannr, zoric, 2001. minimizing emi  caused by radially propagating waves inside high speed  digital logic pcbs, mikrotalasna revija (december).       
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