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To meet the IEEE 802.11 PH-SS requirements which specify GFSK modulation with BTb=O.5 
[1], we present an FQPSK-I baseband filter implementation which is practically compatible with 
Gaussian filters. With ROM look up table implementation of a FQPSK-I baseband filter, which 
is based on Feher's filter patent [9], the hardware gate count of the filter can be reduced by a 
factor greater than 8 compared to a traditional Gaussian FIR-filter design. Computer simulations 
and hardware measurements of Gaussian filtered FSK (GFSK) and compatible FQPSK-I 
baseband filtered FSK (FGFSK) are presented. Eye diagrams and power spectral densities -are 
compared at baseband and RF. 

While reducing the number of packed configurable logic blocks (CLB's) needed for the filter in a 
XILINX-FPGA from 67 to 8, the modulated FGFSK signal still meets the IEEE 802.11 PH-SS 
spectral requirements for modulation index 0.32. 

Material contained in this paper is based on and is closely related to previously copyrighted material by 
the authors. It is submitted on a non-exclusive basis to the IEEE P802.11 standardization committee. Most 
parts will also be published in journal/magazine publications and in Feher's forthcoming book (April 
1995) [7}. 
Intellectual property disclosure statements were submitted to IEEE802.11, JTC-TIA and other 
standardization committees by Dr. Feher Associates during 1993-1994 [3.4}. To request technology 
transfer and licensing package information, contact: Dr. Feher and Associates, Digcom, Inc. 44685 
Country Club Drive, El-Macero CA 956/8, U.S.A, Tel (916)753-0738, Fax (916)753-1788 or Kamilo 
Feher at (916)752-8127. 
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1. Modulator Block Structure 

All examinations in this paper are based on the incoherent VCO-structure for generating 
(F)GFSK modulated signals. Figure 1 shows the block structures of both FGFSK and GFSK 
transmitters which were used for simulations and hardware measurements. 
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o OUT NRZ-Data : I FQP~K-1 BB ~--~8> .... h" >-----1 

----' (compatible with 
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a) XILlNX-FPGA + DAC 
(UC Davis) 

AmplifierMd 
Impedsnoe Transformer 

Generator 2051 
(Marconi) 

NRZI-NData ""'" __ :_G_a_U_S_si_a_n;-----1~>---4 
_ Filter [;/ 

vee J .... ---oo GFSK-Signal 
_ . OUT 

b) 
.I .t.: 

DECT-Chip L.MX2411 
(National) 

or 
XILlNX-FPGA + DAC 

(UC Davis) 

Amplifier 51d 
Impedance Transformer 

Generator 2051 
(Marconi) 

Figure 1. Block diagrams of compared FGFSK-(a) and GFSK-(b) modulator structures 

In Figure I-a the proposed FQPSK-l baseband filter is used as a premodulation filter for FSK, 
where Figure I-b shows the known reference structure with standard Gaussian filter 
implementations. The FQPSK-l baseband filter was designed at UC Davis using a Xll.JNX­
FPGA which is described in the following section. We use another own FIR-filter design for gate 

. count comparison purposes and the Gaussian baseband filter of National Semiconductor's 
DECT -Chip LMX2411 for the~ardware reference measurements. 

2. Filter Implementations 

Until the 1980s, designers devoted their attention to "linear" filter implementation means, 
including analog (passive and active) and Digital Signal Processing (DSP) filters. The DSP 
filters are based on Infinite Impulse Response (llR) and Finite Impulse Response (FIR) designs. 
These "linear transversal filter structures" are in extensive use. They are implemented based on 
certain transfer function H(z). H(z) is only an approximation of the analog transfer function H(s) 
with acceptable difference. 

Figure 2 shows the frequency response of a Gaussian, BTb=O.5 FIR-Filter design which was 
implemented at UC Davis for gate count comparison purposes. From an implementation point of 
view, the increase of stepS means that the number of delays, adders and multipliers is greatly 
increased, and each multiplier requires many gates. For high speeds such DSP-based filters 
could be very "power hungry", require far too many gates, be expensive, and go to an impractical 
range for most of today's communications applications . 

. 
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Figure 2. Frequency Response of Gaussian, BTb=O.5 FIR-Filter Approach with 8-samples per data bit, 9-tap 
impulse response length, and 8-bit signal resolution 

,,' ;, 

It is hard to reduce the complexity of a FIR or IIR filter, since an increasing inaccuracy comes 
along with the complexity reduction. 
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Figure 3. Schematic for the XILINX-FPGA Implementation of Gaussian, BTb=O.5 FIR..,Filter, with 8-samples -per 
data bit, 9-tap impulse response leng~, and ~ 8-bit~ign~J resoh.itig~;.· ,r ",", . r, v :~".;-. : ;" _-

The design is used for gat'tf count comparison purposes aritl is b~e(j 'on [11]. oJ , 

:,.~" ;' :~~~',#'-./ ? ;~~.!. ,.:~~j ' ) ~-
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Figure 4. 

IJF - F~~ter (8 Ba=p~es per symbo~) 

.-~.--------------------.--------~ 

~------------------------~-------------------'---'~--~ . . 
Schematic for the XILINX-FPGA Implementation of ROM Look-up Table based FQPSK-I Baseband 
Filter with 8-samples per data bit, 1 bit signal length and 8-bit signal resolution. 
TIiis design uses Feher's patented Filter structure [9] and reduces the number of packed CLB' s by a 
factor of about 8 compared to the design Figure 3. 

The principles of the more efficient ROM based look-up table implementation of a filter or 
processor was .presented 1979: in [8] and patented 1982 by Dr. Feher [9]. There are many 
references about it [6,10,12]. 

Feher's Filter (FF) family products ,have been implemented with ROM-based DSP architectures. 
In the ROM various signal shapes, e.g., Stet) ... ,.ss(t) are stored or it is arranged that the ROM is 

:; used as a waveform selector/generator/switch. . Depending on the data input, the difference 
i between data patterns, these stored waveforms are "read out" or switched tci'the D/ A converter, 

converted into an analog waveform and transmitted. 

Using this method to implement a linear filter, first truncate the pulse response ( or the response 
to be deal with) of the filter to certain length, and g,enerate .all pOs~,\ble combinations, then 
overs ample, quantize and map them with the input signals into a table:' As the tail of the pulse 

. response with :· small magnitude . has little impact on the quantified magnitude value, the 
inaccuracy' in this approach is mainly due to the quantization 'noise which exists in any digital 

. " process. This implementation requires a shift register, a counter and a ROM·; 

The advantage of the look-up table method is its simplicity and, coming together with it, reduced 
power consumption, which is ' critical for mobile communication units. Another advantage of the 

,;, ,ROM look up table implementation is that it could be further simplified by reducing the memory 
;' ,. ,', . bits required. The way to do it is further truncation of the response. If it causes an impact bigger 

.> 1\ . . than you want; iyoU can ,modify the wave shape a little bit to reduce the impact without affecting 
' .~ ; ' the' complexity~ . ; !-' 
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Figure 5. 
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XILINX-FPGA Gate Count Comparison-in numbers of packed CLB's for several Filter 
Implementations . 

. __ ,67, packed CLB's are needed for the. Gaussian FIR-Filter Figure 3 and 8 fOI the FQPSK-l Baseband 
Filter Design Figure 4, respectively. . 

. 
The nijmbers of packed configurable logic blocks (CLB~s) needed 'in the FPGA-:implementations 
for the Gaussian FIR and the FQPSK-l baseband (IJF-FF) filter designs are, shown in Figure 5. 
The left column belongs to the Gaussian FIR-filter Figure 3 and the right column to the FQPSK-
1 baseband filter implementation Figure 4, respectively. The both columns in the middle of the 
graph represent two ROM-based Gaussian filter designs, which are described in [15]. 

The comparison Figure 5 proofs the tremendous hardware complexity reduction of factor 8.4 
when using the FQPSK.,l baseband filter instead· of: a standard Gaussian FIR-filter 
implementation. 8 packed CLB's are needed (FQPSK-l'BB) instead of 67 (Gaussian FIR). If 
compared -to,_ the. best optimized ROM-based Gaussian filter implementation the hardware 
reduction for the proposed FQPSK .. 1 baseband filt¢r, implementation remains still, a.· factor of 3.1 
(25 CLB's vs 8). .' ' 

3. TransmiHer:Stgnal COn1pariSon '-.," , -,., .'. ':, 
L ''', :, j , - j ~':-:!l " ' .' ;, \' . ',. I : \ I 

Because .Qf its ~xtremel~Jo:w gate usag~ in a digital FPGA-filter implementation Jhe FQPSK-l 
baseband,fIlter can potentially be used instead· of the Gaussian, BT b=O;S filters in ,GBSKJor FH­
SS Wireless LA,N. The eye diagrams and the, power spectra! densities are very sim,ilan·practically 
the same in both cases. 

: .' :~, , .' 
" ,i. 

The simulated and, measured eye di.agrams of the filter signal.~()utputs are show.n. in Figl!lrq 6 for 
both Gaussian, BTb=O.5 filter and FQ~SK-l bac;eband filter. Both signals are jitter .. ftee' at<"the bit 
interval changes; The Gaussian, BTb=O.5 filtered· 'signal has .. a known slight .:intersymbol 
interference (lSI) in the center of the bit interval .. The FQPSI<-l-filtered signal is·totally.,lSI-free 
in the center of the bit interval. Neglecting the unessential lSI of the Gauss.i .. n, B1'6.1:F05,fiitered 
signal the eye diagrams are the same in both cases. 
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Figure 6(c). Picture of Baseband Eye Diagram after 
Gaussian, BT b=O.5 Filter atnonnalized 

" .. '"scaled down biiplte of40\qb/~? ' 
,-' , 

(measurements were also done at IMb/s). 
DECT-Chip LMX2411 (National); 
9 sampleslbit; 8 bits resolution 

Figure 6(d). Pict.ure of Baseband Eye Diagram after 
FQPSK-I Baseband Filter at nonnalized 

, ,sj::aled down bit rate of 40kb/s 
: '(measurements were also done at IMb/s). 

Xll..INX-FPGA (UC Davis); 8 sampleslbit; 
8 bits resolution 

.. » ... '\~ l' 

:5 ~ P.i 'Figure: 7 compares the'; bcisebarul power spectral densities of the Gaussian, B~b=0.5 and the 
.. . .•... , ., . " . ,... ...... .......... ~.., '.I 

,. <f,~QPSK-l.~baseband ,filtered signals-in simulation and measurement. As expected, the baseband 
'.,,1 :power spectral density ofthe'Gaussian,BTb=05filtered signal goes down faster in the main lobe. 

This is caused'Tby the mentioned lSI. Despite some small difference in the baseband power 
, ,, ,spe<;:tral density' the,pbwetspectral densities after frequency modulation become nearly the same 

.,j.".. . .. .. ".,,' ..... . ' 
,,:jl, ,as,shown in Figure 8. .. :.. " " ' !:.: , .. "'j' , : ' " , 

.. .-; ," {o' ( 

'TheW: power spectral ci~nsities of Gaussian j BTb=0.5'filtered ' FSK (GFSK) and FQPSK-l 
bas~bclpp ,filtered FsK.(FGFSiq in Figure 8-a were simulatedHfor modulatiorl) ndexes of 0.32, 

. ,~ " • ' ..... ", .'.-> . , • • ( 

0.35, 0.38" Figure 8-b,sbow~ a picture of the RF power spectral densities for the modulation 
index 0.32 at 915MHz carrier frequency. 

' --'-~'~===='~-~" '-" ~~~~"~-'~"--~-~~-~'~- ~----'-'-~~~'--~' ~'--~----------------------------------
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Figure 7(b). Power Spectral 
Densities after Gaussian, BT b=O.5 Filter 
(thin curve, DECT-Chip LMX2411; 
9 sampleslbit; 8 bits resolution) and 
FQPSK·l Baseband Filter (light curve, 
XILINX·FPGA; 8 sampleslbit; 8 bits 
resolution) at normalized scaled down bit 
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Figti~" 8 demonstrates that both GFSK and FGFSK modulated signals meet the -20dB spectral 
requirement of the FH-SS proposed standard [1] for modulation index 0.32 (see (f';'fc)Tb=O.5 in 
simulation and 2 divisions from the center frequency in picture). The integrated power within the 
transmission band ±O.5 (f-fc)Tb was calculated to be 0.9949 times the total power of the 
propoSed FGFSK with modulation index 0.32 and is grater than the .demanded99%. 

It is our belief that the ROM-based filter {tnple~pclition is more cost and power efficient than 
the conventional IIR and FIR "transversal'" DSP structures 'and leads to significant ,reduction in 
gate counts because it does not require multipliers:futd is based solely on ROM-driven waveform 
synthesis. Our survey of some leading DSP andflltet' IC products indicates ,the trend for higher 
speed systems is towards the impleh1entatr~n of nonl'iriear:ly switched waveform-synthesized 
filters which are implemented by the ROM teChnology U3,14). 
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