
GSMM2008 - Nanjing, China, April 21-24, 2008  Global Symposium on Millimeter Waves 

Page 1 of 4 

Millimeter Wave Printed Circuit Board 
Developments - Improvements for Mechanical 

Packaging and Electrical Requirements 
 

1Helena Li Hai, 2John C. Frankosky, 2Russell. R. Hornung, 2Michael T. Smith 
Arlon LLC 

1 No. 8, Hong Gu Road, Shanghai 200336 PRC 
2 1100 Governor Lea Road, Bear, DE, 19701  USA 

 
Abstract- Millimeter applications place heightened and 

unique requirements on circuit board laminates used as 
transmission lines or as antennas.  Historically, applications 
were low volume.  Materials were either adapted from standard 
or semi-standard products that were not ideal for millimeter 
wave or the materials that were military grade in nature.  
Recent growth of millimeter applications, such as ACC 
(adaptive cruise control) and side lane changing sensors for 
standard, high volume, affordably priced vehicles or 
commercial millimeter communication systems, has driven 
circuit board laminate fabricators to innovate materials.  This 
paper explores advancements in millimeter wave circuit boards 
and the technical requirements placed on materials. 

I. INTRODUCTION 

Millimeter w aves offe r ma ny adva ntages associated w ith 
the h igher op erating frequency.  This includes i ncreased 
bandwidth, improve d resolution and d irectivity (due to  
narrower beams) for a given antenna aperture. This can mean 
smaller, lightweight systems offering increased transmission 
capacity in t he case of com munication systems or improved 
resolution for radar or imaging systems. This assists in image 
recognition, or to help identify explosive materials by their 
spectroscopic signatures. 

Millimeter w aves als o are prone t o higher le vels of 
attenuation due to atmospheric absorption of water vapor and 
O2 [1].  This can be advantageous for covert communications, 
low probability of inte rcept signa ls (suc h as a clandestine 
aircraft altimeters) or for a utomotive adaptive cruise control 
systems w hich ar e de signed t o be  l imited i n range to 
eliminate noise and interference. 

 

II. MILITARY AND SATELLITE GRADE MILLIMETER 
LAMINATE REQUIREMENTS 

Traditional m illimeter w ave applications w ere limited to  
high val ue, l ow volume mili tary airc raft, satel lite or hig hly 
valued com munication app lications.  A pplications included 
millimeter low-probability of in tercept altim eters for l ow 
probability of intercept a ircraft, covert co mmunications or 
even millimeter Fire C ontrol Ra dars with ve ry low pea k 
power, extremely low sidelobes and very low  probability of 
intercept RF transmission, for Mul ti-role combat and attack 
helicopters and low altitude air vehicles, including aircraft. 

.  The foll owing char t (F ig. 1) highlights the aut hor's 
interpretation of re quirements place d o n laminates used a t 
millimeter fre quencies w ithin the  h igh va lue, h igh 

performance marketplace.  These applications typically wil l 
value perf ormance over co st for a  component, i f th at 
component can deliver a higher level of systems performance, 
since the cost impact of the material is less than 1 or 2% of a 
systems cost.  Th is higher level of performance can improve 
range or re duce pow er, decrease sidel obes, and i mprove 
target location accuracy. 

 

Property Technical Need 

Low Dielectric Constant < 2.20, small amount at 3.00 

Low Dielectric Loss < 0.0013 

Low Insertion Loss Copper < 0.40um RMS  

Thickness < 0.381 mm 

Thickness Tolerance <5% 

Dielectric Constant Tolerance < 1% 

Dielectric Consistency <1% 

Dielectric Constant Phase Stability < 15 ppm/°C 

Costs < 250 Euro/meter2 

Figure 1. Military/Satellite Technical Needs of mmW Laminate 
 

Efforts to replace discrete  resistors with em bedded 
resistors have l ed to millimeter and K -Band packaging and 
reliability i mprovements. As a  re sult, e mbedded re sistor 
technology, such as Ohmega-Ply® or TCR® foils, is specified 
to provide the resistor function of Wilkinson power dividers 
in K -Band and mmW ban d ap plications.  O hmega 
Technologies descri bes the ir produc t a s a thin-film, nick el-
phosphorous (N iP) allo y that i s elec tro-deposited onto the 
rough, or  too th, side of elec trodeposited cop per foi l.  The 
resistor-conductor co mposite f oil is l aminated wi th th e 
resistive si de agai nst the  di electric l aminate during 
manufacturing. P CB manufacturers e tch cop per t o i ts f inal 
patterns an d t hen use a  second chemistry to etch awa y 
unwanted p ortions o f t he exp osed re sistor laye r, defining 
resistor values and placement within conductor traces. 

Consistency with embedded resistors is a key performance 
requirement for  applications usi ng suc h tec hnology with 
PCBs. Thermal expansion mismatches between copper, resist 
layer, and dielectric c an c ause va riance in the r esist la yer, 
especially w ith ma terials tha t have d imensional sta bility or 
registration st ability is sues.  For multilayer or  strip line 
circuits, pre ssures and tem peratures for la mination can 
introduce further resistor variations. 
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Figure 2. Phased Array mmW Antenna with Wilkinson Power Dividers 

(courtesy of Joerg Schoebel, Institute for High-Frequency Technology, 
Braunschweig University of Technology, Germany) 

 

III. COMMERCIAL MILLIMETER LAMINATE 
REQUIREMENTS 

Until t he last 4 yea rs, the c ommercial market did n ot 
exhibit volume consumption in millimeter wave applications.  
Today's au tomotive a daptive cr uise cont rol ( ACC) system s 
have been exc lusive sys tems subject to h igh manufacturing 
costs and a high price option for luxury class vehicles (ACC 
system costs the end customer about 1,500 to 2, 500 Euros).  
Due to the relatively low volume of these applications, these 
systems are currently re lying o n specialty, expe nsive, 
material set s t o ac hieve the d esired performance 
requirements.  Mill imeter tec hnology is al so bei ng ut ilized 
for collision and safety applications such as frontal assist for 
stopping d istance reduction, Side la ne c hanging assist or  
automatic acti vation of low bea ms w ith on-com ing or  
closing-gap traffic.  
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Figure 3. Phased Array on Laminate for 77 GHz Radar  

(Courtesy of Dr. Martin Schneider, RF & Microwave Engineering 
Laboratory, University of Bremen, Germany) 

 

Efforts in th e industry to consi der fut ure A CC or  
safety/collision systems as a affordable option are  targeting  
< 300 Euros  for sys tem, < 50 Eur os per sensor) [3].  
Worldwide g lobal p latform, non- luxury cl ass veh icles suc h 
as Honda Accord, Volkswagon Passat, Toyota Camry, Buick 
LaCrosse and Ford Mo ndeo ar e plan ning for a daptation as 
early as 2009-2010 model years.  V ery early developmental 
efforts and eventual introduction of  such systems on Chery, 
Geely and GWM platforms, will quickly lead to rapid growth 
and legitimatization as a st andard global product in 10 to 1 5 
years. 

To a chieve the v olume, cost and technical goal 
requirements of t hese grow ing and emerging applications, 

innovation h as been re quired t o a chieve b oth the 
manufacturing c apacity a s well as t he technical a nd cost 
goals.  Millimeter applications place heightened and unique 
requirements on circuit board laminates used as transmission 
lines or as ante nnas.  Loss Tange nt m ust be fr equency 
frequency in sensitive.  Tr aditional m aterials fa il i n t his 
category, bo th for  being d ifficult t o predict D k at h igh 
frequency and for being too lossy. 

The fo llowing cha rt (F ig. 4) highlights the author's 
interpretation of re quirements plac ed on commercial 
automotive laminates use d at mill imeter frequencies based 
on customer interviews, IWPC forums [3]  and c onsortiums 
and industry experts [4] [5]. 

 
Property Technical Need 

Low Dielectric Constant < 3.00 

Low Dielectric Loss < 0.0015 

Low Insertion Loss Copper < 0.50um RMS  

Thickness < 0.381 mm 

Thickness Tolerance <9% 

Dielectric Constant Tolerance < 1.5% 

Dielectric Consistency <1% 

Dielectric Constant Phase Stability < 20 ppm/°C 

Costs < 100 Euro/meter2 

Figure 4. Commercial Technical Needs of mmW Laminate 
 

IV. PROCESSING 

Many millimeter requirements remove dielectric and place 
the c hip d irectly onto a the rmal and e lectrical ground (see 
Figure 5).  Typically, t his is ac complished th rough l aser 
cutting and removing laminate material to expose a pocket. 

 
Figure 5. Laser Cut Outs 

 

Materials th at utilize high amounts o f fi berglass clo th 
(especially heavy, non-uniform styles) become more difficult 
to c ut w ith a  laser .  Materia ls t hat do not use fi berglass 
reinforcement (c oated onto po lyimide film a nd passed  
through a n o ven) face  o ther c hallenges through fa brication 
and tend to have a gum-l ike nature when lazed.  They als o 
exhibit e xtremely h igh por osity leve ls an d a re subje ct to 
microvoids at  the fi ller leve l.  Thi s c reates a narr ower 
processing window. 

 

V. RESISTANCE TO MOISTURE INGRESSION AND 
CONTAMINATION 

Older P TFE/ceramic laminate te chnologies have a n 
Achilles heal resulting from microvoids at the PTFE/ceramic 
interface. M any are  ma de throu gh th e ca lendaring of a  
PTFE/ceramic slu g o nto a p olyimide film (K apton®).  T he 
calendared layers are layed up either with or without a PTFE 
only coated w oven fiberglass me mbrane.  Inherently, this 
process is r eported to c ontain at least a  5% volume porosity 
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with microvoids exist at filler-PTFE interface. Low Surface 
Tension Liquids suc h as organ ic so lvents and su rfactant 
laden a queous sol utions w ill penetrate pores.  A lcohol 
(which is u sed as a neutral izer aft er sod ium etch surfa ce 
treatment), ha s be en k nown to i ntroduce permeation of  
contaminates which affects circuit performance. The alcohol 
can pu ll al ong board proc essing c hemistry or  contaminates 
that remains in t he b oard, even a fter dryi ng. This is a  
contributing factor to dielectric constant variability within a 
panel tha t is n ot pre sent be fore proce ssing and i ncreased 
loss.  .  To demonstrate this affect, PTFE laminate samples 
were exposed to a 50 0 PPM, BASF X-70 B lack C olourant 
dissolved i n acetone (Figure 6).  In legacy m aterials, the 
black die readily penetrated the material, demonstrating the  
potential impact of con tamination from PCB fabrication on  
circuit performance. 

 

CLTE-XT Alternative

Top View

Cross Section
Contamination

CLTE-XT Alternative

Top View

Cross Section
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Figure 6. Exposure to Low Surface Tension Contaminate 

 

VI. IMPEDANCE CONTROL 

A. Dielectric Constant Tolerance 
Dielectric con stant tolerances b ecome e ven mo re 

aggressive with higher frequencies.  A 10 GHz signa l, in a  
vacuum, is roughly 3.0 cm in wavelength. 

 

)/( rfc ελ =  
 

At 24 GHz, a wavelength, in a vacuum, is 1.25 cm and a t 
79 G Hz, the wavelength is  0. 38 cm.  In a 3.00 dielectric 
constant microstrip, a 79 G Hz signa l i s 0.22 cm in 
wavelength, making a 0.055cm quarter wavelength.  A result 
of t he hi gh fr equency and the squar e roo t effect of the  
dielectric constant, sm all differe nces in d ielectric constant 
become a much larger factor in p hase angle in a millimeter 
wave system. 

With the use of Phased Arrays into the millimeter designs, 
these syst ems be come eve n more sensiti ve to cha nges in  
dielectric constant across temperature cycling.  Each element 
is des igned to  achie ve a different phase and am plitude to 
electrically ste er the  arr ay.  Unpredic table cha nges in  
dielectric constant will provide higher error rates as well as 
inaccurate data. 

 

B. Thickness Tolerance 
Typically, millimeter wave systems are based on stri pline 

or micr ostrip based circ uit desi gns cir cuitry using thin 
materials (assume 0.13mm to 0.380 mm).  Because of cutoff 
frequency l imits, thinner m aterials nee d t o effectively 
transmit at shorter wavelengths.  Line  widths a re chosen to 
achieve a certain impedance (assume 50 ohms).  In addition 

to t he imp ortance of d ielectric cons tant, transm ission l ine 
impedance is  also dri ven by circ uit ge ometry, inc luding 
thickness of the dielectric. Where thickness varies, non-ideal 
impedance is a result.  In turn, thi s c an cause  highe r ord er 
insertion loss (S21) and higher amounts of reflected energy 
and h igher return l oss (S11).  In pha sed arra y systems t hat 
depend u pon a pha se fe d ante nna (F ig. 2 and 3),  this can 
cause degradation of the system performance. 

 
C. Variability across Transmission Line 

Most material testing requirements place a requirement on 
the batch-batch test requirements and do not evaluate, study  
or un derstand the effec ts of inte r-panel variability, eit her 
from a  t hickness o r a d ielectric c onstant st andpoint.  A s 
highlighted i n sec tion B., thi s ca n affec t impedance.  If 
impedance varies down the length of the transmission line, it 
incurs much higher reflected energy, higher return loss (S11) 
and finally higher insertion loss (S21). 

 

VII. THERMAL STABILITY OF DIELECTRIC CONSTANT 

Dielectric c onstant a cross tem perature ne eds to b e 
consistent t o avo id phase  sta bility issues.  For antenna 
designs, a significant shift in Resonance Frequency and 
bandwidth roll off at specific frequencies, results in lower 
gain performance.  Selection of a material that is relatively 
insensitive to temperature provides a high degree of phase 
stability to the impedance matching networks, Wilkinson 
power D ividers, quarte r wave transform ers, etc.   It also 
minimizes impedance changes in a transmission line when it 
is e xposed to a chan ging te mperature. Thi s ca n be see n in 
Figure 7, where the center of the board was placed on a heat 
source of 125°C.  This local area increased 1.135 ohms. 

 

 
Figure 7.Transmission Line exposed to 125°C increases 1.135 ohms 
 

VIII. THERMAL CONDUCTIVITY 

Circuit board therm al co nductivity ca n greatly i mprove 
thermal sta bility o f the die lectric co nstant, as hea t is bet ter 
spread through the laminate and areas of maximum heat (and 
thus maximum i mpedance mism atch) are minimized.  The 
following image (Fig. 8)  represents a thermal image of two 
different microwave circuits of the  same dielectric constant 
and thickness.  The thermal conductivity of the left material 
is 0.46 W/mK, c ompared to 1.1 W/m K.  The incr ease of 
thermal co nductivity re duced the maximum t emperature 
from 180°C to 163°C.  The heat spr eading properties of t he 
material c an also v isualized b y th e l arger a rea o f 
temperatures above 92.9°F thus reducing the severity of the 
temperature gradient within the circuit board. 
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Figure 8. Thermal Images of Heat Dissipation and Associated Max 
Temperature Reduction due to Higher Thermal Conductivity 

 
The material with higher thermal conductivity pulls the heat 
away from the "hot spot" and allows it to be more efficiently 
dissipated.   

 

IX. DEVELOPMENTS 

Requirements plac ed o n mill imeter w ave and K -band 
circuit board laminates has driven product development and 
basic technological research and innovation.  Tw o results of 
this work, have been CLTE-XT and C LTE-AT.  CLTE-XT 
has be en de veloped for high precision, m ilitary-focused 
applications that requ ire very low  loss, hig hest level of 
thickness and dielec tric co nstant co nsistency, and h ighest 
level of phase stability.  As a result, its performance is "Best-
in-Class" f or Phase Stability, Low Loss  and a  range of 
mechanical properties.  C LTE-AT uses com mon 
technologies deve loped for  the hi gh pre cision, m ilitary-
focused CLTE-XT.  However, there  are  some no n-trivial 
changes to make the pr oduct m ore afforda ble for  the 
commercial market.  Differences include a marginally higher 
dielectric c onstant a nd s ome impa ct o n loss, pr ocessing 
performance, hi gher m oisture absorp tion, l imits o n pr oduct 
options and lower peel strength.  Its performance still place it 
as "Best-in-Class" for performance of a commercial laminate 
for Phase Stability and Low Loss and a range of mechanical 
properties.  To m aintain its l ower cost base,  CLTE-AT 
adheres to a standardized approach.  It is offe red with fewer 
options for copper style and panel sizes. 

CLTE-XT has excell ent Electr ical Phase Stability vs. 
Temperature (-9 ppm/°C), Tigh test D ielectric Constant 
(2.94±0.03) as w ell as ver y tight Thickness Tolera nce.  It  
also has the low est m oisture absorp tion, c ritical for  
contamination resistance and dielectric constant variability. 

CLTE-AT also has excellent Electrical Phase Stability of -
10 ppm/°C (Fig. 9), High Thermal Conductivity (0.64 W/mK) 
and T ight D ielectric Constant (3. 00±0.04) as w ell a s ver y 
good Thickness Tolerance.  CLTE-AT has good low  
moisture absorption properties and contamination resistance. 

CLTE-AT was  developed with a very low dielectric loss 
tangent of 0. 0013 via IPC 2. 5.5.5 test m ethod.  CLTE-AT 
has be en qua lified to use  smoother copper sty les w ith 
average surface roug hness ( Rz) of 4. 0µm, com pared t o 
competitive o fferings using the  rougher 9-10 µm  copper ..  
This reduces insertion loss due to the increased transmission 
line resistance as a result of s kin effec t, while s till 
maintaining p eel stren gth re quired for th in traces o n t hin 
laminates (6.5 pounds per linear inch, 1.2 N/mm). 

 
Figure 9. Dielectric Constant Stability with Temperature for CLTE-AT 

CLTE-XT and CLTE-AT is a micro dis persed ceramic 
PTFE composite uti lizing a w oven fiberglass re inforcement 
to provide the highest degree of dimensional stability without 
impacting i nter-panel d ielectric cons tant st ability, e ven a t 
millimeter w ave fre quencies.  Both  products have 
registration consistencies 1/10th that of i ncumbent materials 
when ut ilizing thin die lectric lam inates (i .e. 0. 005” a nd 
0.010”).  This is the re sult of no t on ly th e inclusion of  a  
microfine woven reinforcement, but, also the choice o f raw 
materials chosen for sta bility, and product sensitive process 
parameters used dur ing lamination of the  raw laminate.   As 
a result, Impedance mi smatches are  mi nimized a nd 
maximum power t ransfer is achieve d at the cor rect ph ase 
angle. 

 

X. CONCLUSION 

Millimeter appl ications p lace hei ghtened and u nique 
requirements on circuit board laminates used as transmission 
lines or a s an tennas.  Th ese p arameters include: low 
dielectric loss (loss tangent) , low  i nsertion loss ( includes 
copper and copper interface), capability to make and control 
dielectric c onstant a nd th ickness va riability for ( especially) 
thin laminates, phase stability and thermal conductivity. 

This has required a t hree year produc t dev elopment and 
basic technological research and innovation to achieve a cost 
effective, technically a dvanced ma terial.  The resultant, 
CLTE-XT and CLTE-AT achieves the technical needs of the 
millimeter applications for the precision military market and 
the cost sensitive, high volume commercial markets. 
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