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Abstract — This paper reports some 
implementation details of a proposed 60 GHz 
communication system for data rates up to 
1 Gbit/s. Based on investigations of the link 
budget, some important PHY parameters will 
be derived. Using those PHY parameters, the 
architecture of a 60 GHz demonstrator is 
developed. Since the most critical part of the 
demonstrator is the analog frontend (AFE), 
some circuit blocks are discussed in detail. 
Measurement results of an integrated receiver 
frontend, and a frequency synthesizer are 
presented. 
 

Index Terms — Millimeter Wave Communi-
cations, mmWave, 60 GHz, SiGe BiCMOS.  
 

INTRODUCTION 

Recently, the FCC has made available 
7 GHz of unlicensed bandwidth in the 
60 GHz band. There is a similar amount of 
bandwidth available in Japan, and it is hoped 
that Europe will follow suit in the near future. 
This bandwidth allows enormous data rates 
to be transmitted. Furthermore, the high 
oxygen absorption in this frequency band 
significantly attenuates radio signals over 
distances of a few hundred meters. Hence, 
the construction of small cells with high 
frequency reuse is possible. Therefore, in 
order to satisfy the rapidly growing demand 
for communication bandwidth, this frequency 

band becomes more and more attractive to 
many companies and research institutions 
[1]–[5]. In March 2005 the Task Group 3c 
(TG3c) within IEEE802.15 was formed to 
coordinate standardization of an alternative 
PHY operating in the 60 GHz band. A 
number of major companies have contributed 
to TG3c so far.  

One of the aims of the project WIGWAM 
[6], funded by the German Ministry of 
Research and Education (BMBF), is to 
develop a 1 Gbit/s system working in this 
frequency band. 

As a modulation scheme, OFDM allows 
high spectral efficiency in multipath 
environments and was therefore chosen as 
the preferred candidate for our investigations 
[1]. On the other hand, the large peak-to-
average power ratio (PAPR) of OFDM 
requires substantial backoff for the power 
amplifier. Therefore, single carrier solutions 
are considered in parallel. In our opinion, due 
to the propagation characteristics of the 
wireless channel (mainly line of sight) MIMO 
techniques do not create a significant 
advantage. However, antenna diversity and 
beamforming can be used to improve the link 
budget. 

For a wide range of applications in 
consumer products, the component cost is a 
crucial problem. In the past, 60 GHz circuits 
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were mainly implemented in GaAs or InP 
technology. However, III/V semiconductor 
circuits are very expensive and hard to 
integrate. On the other hand, RF-CMOS 
technology cannot achieve the required 
performance in terms of speed, noise and 
power dissipation. CMOS technology may be 
an option for future low-performance 
applications. From our point of view, SiGe 
BiCMOS technology is currently the best 
solution in terms of cost and performance. 
SiGe BiCMOS technology allows highly 
integrated solutions even including data 
converters and digital CMOS circuitry. It is 
only somewhat more expensive than RF-
CMOS technology but allows attaining lower 
noise figures and much lower power 
dissipation. 

The paper will give details of the 
frequency plan and the link budget for the 
WIGWAM 60 GHz system. Based on a 
MATLAB model, essential PHY parameters 
were established and will be presented. 
Special attention is paid to the effect of phase 
noise on the BER. The main parameters for 
the required data converters are derived. 

A concept of demonstrator for data rates 
up to 1 GBit/s is be given. Finally, 
measurement results of an integrated 
60 GHz frequency synthesizer as well as an 
integrated receiver frontend in SiGe BiCMOS 
technology will be presented.   
 

Proposed 60 GHz Physical 
Layer (PHY) Parameters  
 
Link Budget and PHY Parameters  

The transmitted OFDM signal is 
composed of 192 data subcarriers and 16 
pilot subcarriers and occupies a bandwidth of 
roughly 325 MHz. A quite reasonable 
assumption for our SiGe-technology is an 
achievable noise figure at the receiver in the 
order of NF = 10dB. The resulting sensitivity 
will be around 

NFHzMHzHzdBmPnoise ++-= )/325log(10/174
        dBm79-»  
 

One of the major problems of high data 
rate communication at 60 GHz is the very low 
achievable link budget. According to Friis 
equation, free space loss increases 
quadratically with carrier frequency. At 
60 GHz, the attenuation at 1 m distance is 
already 68 dB. Assuming a pure line-of-sight 
link for simplicity, the attenuation at 10 m is 
88 dB. On the other hand, given constant 
transmission power P, the signal energy per 
bit (Eb) decreases with higher bitrate Rb, 
since bbREP = . Commercially available 

state-of-the-art power amplifiers in GaAs 
have 1-dB compression points around 16 to 
20 dBm. With a backoff of 6 dB, the average 
transmit power is in the order of 10 dBm. It 
turns out that some additional antenna gain is 
required to attain the minimum signal-to-
noise ratio for reliable communication with 
constellations up to 64-QAM. Using a single 
antenna at the transmitter and receiver has 
the following drawback. Higher antenna 
directivity (gain) comes at the price of a 
reduced beam width, which in turn limits the 
user mobility and is somewhat contradictory 
to the concept of OFDM. A good compromise 
seems to be a Vivaldi antenna with 10 dB 
gain and 50° beam width at both the 
transmitter and receiver.  To estimate the 
worst case link budget, we assume a 
misalignment of 25° between the two 
antennas, where only 7 dB gain per antenna 
remains. Assuming a transmit power of 
10 dBm and a maximum distance of 10 m, 
the received signal level would be 
 

dBmdBdBdBmPRX 64148810 -=+-=  

 
The expected SNR would be around 

dBPP noiseRx 15=- . This value turns out to 

be the minimum SNR needed for 16-QAM 
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with rate ¾, but no implementation loss was 
accounted for. We conclude that the worst 
case pure LOS link might not allow the 
highest datarate (64-QAM with rate ¾) over a 
distance of 10 m. On the other hand, 
additional energy is collected by reflecting 
paths, which may raise the received power 
level to acceptable values. 

The choice of the subcarrier spacing is 
bounded by phase noise and minimum guard 
time. Measurements indicate that the RMS 
delay spread for antennas with 10 dB gain is 
limited to 20 ns at most [10], [11]. Therefore 
the guard time was specified to 160 ns. The 
subcarrier spacing was set to 1.5625 MHz by 
dividing a frequency band of 400 MHz into 
256 subcarriers. With this spacing, integrated 
low cost local oscillators with phase noise 
values of -90 to -95 dBc/Hz at 1 MHz offset 
are usable. Table I summarizes the specified 
basic OFDM physical parameters.  

The resulting PHY data rates are listed in 
Table II. 

TABLE I  MAIN PHY PARAMETERS  

Parameter Name Value 
Channel bandwidth 
(channel spacing) 

B = 500 MHz 

FFT bandwidth BFFT = 400 MHz 
  
Number of subcarriers N=256 
Subcarrier spacing Df = 1.5625 MHz 
  
Guard time Tg = 160 ns,  

(240 ns, 320 ns optional) 
FFT period TFFT = 640 ns 
Symbol duration TS = 160+640 = 800 ns 
  
Modulation QAM 2, 4, 16, 64 
Channel coding, rates Convolutional, r = ½, ¾ 

(optional LDPC) 
  
Maximum distance of 
air link 

5-10 m 

  
Data subcarriers Nd = 192 
Pilot subcarriers Np = 8 

Unused DC subcarriers Nz = 5 

 

 

TABLE II   LIST OF PHY DATARATES 

Modulation Coding rate Data rate 
BPSK  ½   120 Mbit/s 
BPSK ¾   180 Mbit/s 
QPSK  ½   240 Mbit/s 
QPSK ¾   360 Mbit/s 
16-QAM  ½   480 Mbit/s 
16-QAM ¾   720 Mbit/s 
64-QAM  ½   960 Mbit/s 
64-QAM ¾ 1080 Mbit/s 

 
 
Frequency Plan 

We have subdivided the unlicensed band 
from 57 GHz to 64 GHz into 14 sub-bands of 
500 MHz. A direct downconversion scheme 
with a tunable frequency synthesizer turns 
out to be difficult due to phase noise 
limitations. We favor a super-heterodyne 
scheme with an intermediate frequency (IF) 
of about 5 GHz for several reasons. First, the 
compatibility to IEEE 802.11a facilitates the 
re-use of various circuit blocks. 

                          

64 GHz57 58 59 60 61 62 63

LO1: 56 GHz

DEMONSTRATOR

RF: 14 x 500 MHz

8 GHz1 2 3 4 5 6 7

LO2: 4.75, 5.25 GHz

DEMONSTRATOR

IF: 14 x 500 MHz

 

Fig. 1.  RF band before and after first down-
conversion. 

Second, a high IF facilitates image 
rejection, and, third, tuning of the IF oscillator 
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over 1-2 GHz seems feasible. The 
demonstrator will focus on the two subbands 
from 60.5 GHz to 61.5 GHz. Using a 56 GHz 
fixed-frequency PLL, the RF band is 
downconverted to IF as shown in Fig. 1. 

The position of one sub-band after second 
down-conversion is shown in Fig. 2. 

0

useful range

BB: 500 MHz total = 400 MHz useful + 100 MHz guard

100
200

250 MHz-250 -100
-200

 

Fig. 2.  Sub-band after second down-
conversion. 

Only 400 MHz of 500 MHz will be used for 
data transmission, while 100 MHz serve as 
guard bands to facilitate channel filtering. 
 
Phase Noise 

The dominating noise sources are noise 
of the voltage-controlled oscillator (VCO) and 
the noise of the crystal reference as sketched 
in Fig. 3. 

 

  

PFD
f REF f outVCOcharge LPF

pump

noisy phase of crystal reference
(free-running oscillator)

VCO with high phase noise
(phase-locked to reference)

_ N
 

Fig. 3.  Schematic of a charge-pump PLL. 

The noise of the reference is multiplied by 
the divider ratio, which is of the order of 1000 
for a 56 GHz PLL driven by a commercial 
crystal oscillator. As a result, the two noise 
contributions are of the same order. This 

requires a careful optimization of the loop 
dynamics, where a trade-off for the loop 
bandwidth must be considered. The 
correction of the common phase error can be 
modeled by a high-pass filter [8]. The 
resulting RMS phase error of the PLL is 
shown in Fig. 4. 
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Fig. 4.  RMS phase error of the PLL as a 
function of the loop bandwidth for first-order 
and second-order PLL model. 

We have simulated a 16-QAM OFDM 
system with phase noise in the transmitter 
and the receiver as the only non-idealities. 
The result is shown in Fig. 5. 
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Fig. 5.  Simulated BER for a 16 QAM OFDM 
system with phase noise. 



 
 
 
 

Page 5 (8) 

 
 
 
 
 
 
 

From Fig. 5 we conclude that with the 
measured VCO phase noise of –90 dBc/Hz 
at 1 MHz frequency offset and, a reference 
noise level of –140 dBc/Hz at 100 kHz offset, 
a 16 QAM OFDM system with a BER < 10-4 
is possible, provided that a loop bandwidth of 
at least 1 MHz is used to suppress the VCO 
noise. 
 
ADC and DAC specification  

The high signal bandwidth requires very 
fast AD/DA-converters. Two times 
oversampling is required to reduce filter 
requirements in the analog front end. We use 
800 MHz ADCs and DACs for that purpose. 
DACs at that speed are available with 14 bit 
resolution and ADCs with 10 bit resolution. 
The high signal bandwidth imposes a 
sampling clock signal with very low timing 
jitter (< 5 ps). 
 
Concept for 60 GHz Demonstrator  

The basis for the 60 GHz demonstrator is 
a Field Programmable Gate Array (FPGA) 
board with a number of extension slots. The 
complete baseband processor will be 
implemented in FPGAs. Some 
computationally intensive functions for 
channel coding and -decoding like forward 
error correction (FEC) will be executed on an 
extension board fitted with dedicated 
Application Specific Integrated Circuits 
(ASIC). We will support the deployment of 
convolutional codes as well as Low Density 
Parity Check (LDPC) codes. 

Another extension slot of the main FPGA 
board will be used to connect the A/D- and 
D/A converter boards. Both converter boards 
will have an own FPGA for signal pre-
processing. Implementing the interpolation 
and decimation filters into those FPGAs 
allows a significant reduction of the data 
transfer rate between converter boards and 
main FPGA board.  

For our first demonstrator version, the 
analog frontend is split into a transmit and a 

receive module, each implemented on an 
individual board. We have chosen to deploy 
Vivaldi antennas which are realized on the 
same boards that are used for component 
assembly of the AFE. This way, expensive 
and lossy connectors are avoided. 

For medium access control (MAC) an 
abridged IEEE 802.15 -2003 protocol is 
deployed. This protocol will be implemented 
on another extension board which will be 
composed of a microcontroller and another 
FPGA for acceleration of time-critical 
functions.  
 

Analog Frontend Architecture 
and Components 
 
Frequency Synthesizer 

The first local oscillator is the most critical 
component, since the phase noise is about 
20 dB higher than for the 5 GHz IF oscillator. 
A dual-loop PLL as shown in Fig. 6 is used to 
obtain sufficient tuning range at low noise as 
described in [7]. 
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Fig. 6.  Realization of 56 GHz synthesizer as 
a dual-loop PLL. 

A first integrated phase-locked loop for 
60 GHz wireless communication was 
presented in [2]. The tuning range of 3.3 GHz 
is sufficient to compensate for variations of 
the device parameters with process and 
temperature. The PLL is fully integrated and 
occupies a chip area of 0.4 mm2 without 
bondpads. Fig. 7 shows a chip photograph,  
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Fig. 7.  Chip photo of integrated 56 GHz 
synthesizer. 

and the measured phase noise spectrum is 
shown in Fig. 8. 
 

 

Fig. 8.  Phase noise spectrum of the 56 GHz 
PLL. 

In order to reduce the RMS phase error, 
the VCO phase noise must be minimized, 
mainly by maximizing the quality factor of the 
resonator. Furthermore, a careful selection of 
a low-noise crystal reference, a suitable 
divider ratio N, and an optimized loop 
bandwidth is required. 
 

Integrated Receiver Frontend 
Up until now, the III/V technologies offer 

the fastest transistors and good noise 
performance. Unfortunately, they are 
relatively expensive and the possible 
integration level is limited. By contrast, the 
silicon based technologies are cheap and 
lend themselves to high integration. Using 
SiGe bipolar technology, an integrated 
60 GHz receiver frontend containing LNA and 
mixer has been demonstrated [3]. SiGe-
BiCMOS technology offers an even higher 
integration level, since it is compatible with 
CMOS technology [9]. Using SiGe:C 
BiCMOS technology, a 60 GHz LNA [4] and a 
fully integrated RF synthesizer [2] have been 
demonstrated. 
 

 

Fig. 9.  LNA-mixer chip photo. 

The LNA-mixer chip was realized in a 
0.25 � m SiGe:C BiCMOS technology. Both 
the fT and fmax of the transistors are 200 GHz. 
A three-stage common-emitter topology is 
used for the LNA. A fully differential design is 
employed, which is very robust to bond wire 
inductances and common-mode noise. The 
measured gain is as high as 18 dB at 
60 GHz. The measured input reflection 
coefficient is lower than –15 dB over the 
whole 3-dB bandwidth of 21 GHz. A Gilbert 
cell is used for the mixer design. It converts 
the 60 GHz RF signal to an IF frequency 
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around 5 GHz. The measured conversion 
gain of the mixer is as high as 10 dB. Fig. 9 
shows the LNA-mixer chip photo. The die 
size is 1.1 mm x 0.8 mm. Fig. 10 shows the 
conversion gain of the receiver front-end, 
where the IF frequency is fixed at 5 GHz. The 
conversion gain is larger than 27 dB in the 
relevant frequency range from 57 GHz to 
64 GHz. To the best of our knowledge, this is 
the highest reported gain for a silicon based 
60 GHz receiver frontend. Furthermore, the 
gain variation over the 7 GHz band is as low 
as about 1 dB. Fig. 11 shows the conversion 
gain for a fixed LO frequency of 55 GHz. The 
gain has a peak at 60 GHz, corresponding to 
the desired IF frequency of 5 GHz. 

 

Fig. 10.  Conversion gain with IF frequency 
fixed at 5 GHz. 

 

Fig. 11.  Conversion gain with LO frequency 
fixed at 55 GHz. 

 

Fig. 12.  Output 1-dB compression point 
(LO=55 GHz, RF=60 GHz). 

The 1-dB bandwidth is about 2 GHz, 
which is quite sufficient for Giga-bit 
communication, regardless of the modulation 
scheme. Fig. 12 shows that the measured 
output 1-dB compression point is –1.6 dBm. 
The LNA draws 22 mA from a 2.2 V supply, 
and the mixer draws 40 mA from a 3.5 V 
supply. Unfortunately, we could not measure 
the noise figure due to the lack of 
measurement equipment. The simulated 
noise figures are 6.8 dB for the LNA, and 
12 dB for the mixer. 
 

Conclusions and Further 
Work  
 

Based on an estimation of the link budget 
for communication in the 60 GHz band the 
main PHY parameters for an OFDM system 
were derived. It was shown that some 
antenna directivity is extremely helpful to 
achieve a reasonable communication 
distance. 

Based on the proposed PHY parameters 
we have presented a frequency plan for a 
super-heterodyne transceiver architecture. 
The phase noise of the PLL resulting from 
VCO noise and reference noise was 
modeled. The RMS phase error was 
calculated as a function of the loop 
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bandwidth and the noise level of the 
reference.  

The concept of a 60 GHz, 1 Gbit/s 
demonstrator was discussed. Implementation 
details of a 60 GHz frequency synthesizer 
and an integrated receiver frontend were 
given. It was demonstrated that SiGe 
BiCMOS technology is well suited and 
represents a cost-efficient alternative to III/V 
semiconductor technologies for circuits in the 
60 GHz band. 

Future work will focus on high integration 
of the analog frontend (AFE). In this context, 
we are planning the development of a 
complete transceiver in SiGe BiCMOS 
technology. 
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