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1 Executive summary 

The equipment is fine. 

2 Summary 

This report is meant to serve as a reference for researchers using the Tucker Davis 

(TDT) equipment and the Beyer DT990 headphones. The report provides calibration 

results and the description of the methods used to calibrate the TDT equipment and 

the Beyer DT990 headphones. In several measurements, the IRIS indigo DA converter 

was used to generate analog signals. 

The TDT equipment is designed for psychoacoustical experimentation and was pur

chased by IPO in August 1995. Together with this equipment, the Beyer DT990 

headphones were purchased. These are diffuse-field equalized headphones. 

For the TDT equipment, gain factors and the harmonie distortion of a 1-kHz sinusoid 

were measured . Results of these calibration measurements can be found in section 

3.2. 

For the Beyer headphones , the sensitivity, crosstalk, harmonie distortion and inter

modulation distortion were measured. Results of these calibration measurements can 

be found in sections 4.1 , 4.2 and 4.3. 

At the end of this report ( section 5), attention will be paid to the specification of 

a gauge-number that is intended to transform a digital RMS value into the sound 

pressure level of the equivalent diffuse field. 

3 Calibration of the TDT equipment 

Two types of TDT modules were tested: the PA4 Programmable Attenuator and the 

HB6 Headphone Buffer. These modules will be needed in all experimental conditions 

and were therefore calibrated first. In due time the other modules will also have to 
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be tested. At present, only the two PA4 modules and the HB6 module in room 0.41 

have been tested extensively. In addition the attenuation of the PA4 and HB6 in 

room 0.53 have been tested and found to be of comparable accuracy as the modules 

in room 0.42. For the level of the line output of the IRIS Indigo computers (the psyl 

in room 0.42 and the psy3 in room 0.53) we found a 0.5 % larger RMS voltage for 

the psy3 as compared to the psyl when the same digital signal was reproduced. Two 

TDT racks, similar to that in room 0.42 can be found in rooms 0.52 and 0.53 . 

3.1 Method 

In Fig. 1 the setup of the TDT modules together with the IRIS indigo and the Beyer 

headphones is shown. Capital letters A to C indicate the stages at which measure

ment data were obtained. The test signal was a 1000-Hz sinusoid generated by the 

DA converter of the IRIS indigo at an RMS -3 dB relative to the maximum level of 

the 16-bit DA converter (the maximum RMS level is obtained when a square wave is 

played with the maximum amplitude) . The line output of the IRIS indigo was used 

in all measurements. 

1 IRIS indigo A ·1 TDT ?A4 B • 1 TDT HB6 ~ Beyer DT990 

Figure 1: The setup that was tested 

The HB6 was loaded with the 600 n Beyer headphones during all measurements. 

For all measurements the Analogie 6500 signal analyzer was used. The buffer size was 

4096 samples; the sample frequency was 50 kHz. The input was AC coupled. The 

RMS voltage was determined for each stage A to C by using the SDEV function on 

the Analogie 6500 . In addition, harmonie distortion was derived from the logarithmic 

power spectrum (ALOG) obtained using the function FFT on the Analogie 6500. 
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3.2 Results 

The results of the measurements at the three stage A to C will be treated successively. 

In the following , L-RMS and R-RMS denote the RMS voltage measured at the left 

and the right channels of the equipment, respectively. Furthermore, we will refer to 

the FFT-plots (indicated by plot numbers) of the measured signals and the level ratio 

between the 1-kHz fundamental and the strongest harmonie will be given in dB, as 

an estimate of the harmonie distortion. The plots can be found at the end of this 

report . 

Stage A: 

L-RMS (mV) R-RMS (mV) Harmonie distortion (dB) Plot nr. 

1977 1979 <-80 1 

Stage B: Measurements for 0 dB , 20 dB and 60 dB attenuation of the PA4: 

Attenuation (dB) L-RMS (mV) R-RMS (mV) Harmonie distortion (dB) Plot nr. 

0 1978 1981 <-85 2 

20 197.5 198.0 <-75 3 

60 1.953 1.969 <-50 4 

Stage C: Measurements for 0 dB , 10 dB and 20 dB attenuation of the HB6, the PA4 

was set to 0 dB: 

Attenuation (dB) L-RMS (mV) R-RMS (mV) Harmonie distortion (dB) Plot nr . 

0 1893 1893 <-85 5 

10 590.5 590.4 none 

20 172.2 172.2 none 
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Additional measurements were done while loading the monitor on the HB6 with the 

600 n Beyer headphone. Differences of only one part in 100,000 were observed. 

Because a long BNC cable for connection of the Beyer headphone to the TDT equip

ment was used we also measured the attenuation of the cable. The attenuation was 

less than 0.02 dB. 

3.3 Conclusions 

The attenuation of the PA4 is accurate to within 0.02 dB for 0 dB and 20 dB attenu

ation. For 60 dB attenuation we found a deviation of 0.1 dB. The HB6 attenuates 0.4 

dB , 10.5 dB and 21.2 dB when the attenuation is set to 0, 10 and 20 dB, respectively. 

The harmonie distortion that was measured is mainly due to the DA converter of the 

IRIS indigo. 

4 Calibration of the Beyer DT990 headphones 

For calibration of the Beyer DT990 headphones, 3 types of measurements were per

formed: (1) absolute sound-pressure-level measurements using a probe microphone at 

the entrance of the ear canal, (2) transfer-function determination using sweep signals 

and the B & K artificial ear, and (3) cross-talk, harmonie distortion and intermodu

lation distortion measurements. The methods and results of the measurements under 

(1) to (3) will be discussed in sections 4.1 to 4.3, respectively. 

Three of the five headphones are presently used in combination with the three TDT 

racks. The headphones with serial numbers 38076, 45739, and 36761 are used in 

rooms 0.42 , 0.52, and 0.53, respectively. 

4.1 Measuring SPLs using a probe microphone 

In order to derive the absolute sound-pressure levels at the en trance of the ear canal, as 

produced by the Beyer 990 headphones, we used a so-called probe microphone. This 
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microphone was inserted between the subject 's ear and the ear shell of the headphone. 

We will refer to these measurements as 'on-ear' . As the SPLs are expected to depend 

to a certain extend on the geometry of individual pinnae and ear canals, the on-ear 

measurements were done for a number of subjects. 

4. 1.1 Pro be calibration 

Because the probe has a transfer function which is not flat, a reference measurement 

was done to calibrate the probe using a B & K cavity (see Fig. 2). 

loudspeaker 

/ 

Cavity 
[.___...,.. ___ P_r_o_be-----=:: 0 prnbe '°"ridg, 

0 ref"'"" con,;dge 

Figure 2: The application of the cavity to calibrate the probe microphone 

The sound-pressure level in the cavity, as picked up by the probe, was measured by 

connecting the probe cartridge to the B & K 2120 frequency analyzer. The reference 

cartridge was mounted on a B & K 2206 sound-pressure-level meter. Both the 2120 

and the 2206 were calibrated with the 2130 piston (i.e., based on the fact that the 

B & K 4230 'piston' produces a 90.6 dB SPL sinusoid of 1 kHz). By subtracting the 

reference dB SPL value from the probe dB SPL, the (frequency-dependent) gain of 

the probe was derived. Probe gains for a number of frequencies are plotted in Figure 

3. In this figure , data from 3 measurements are shown. 
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Figure 3: frequency-dependent probe gains. 

In the following, the gain factors represented by circles in Figure 3 will be used to 

compensate for the influence of the probe in the on-ear measurements. The gains for 

frequencies above approximately 5 kHz were found to be unreliable due to limitations 

of the loudspeaker driving the cavity. Moreover, in the on-ear probe measurements 

presented below, the sound-pressure level for high frequencies was seen to be affected 

by the precise position of the probe under the headphone ear shell. We will use 

dashed lines in the plots below in order to distinguish the results above 5 kHz from 

the reliable low-frequency data. 

4.1.2 On-ear measurements 

In the on-ear measurements, the probe microphone was inserted between the subject 's 

ear and the Beyer headphone in such a way that the tip of the pro be was just in front 

of the subject 's ear canal. The pro be cartridge was again connected to the B & K 2120 

frequency analyzer for measuring the SPL. The headphones were monaurally driven 

by sinusoids generated by the B & K 2010 analyzer. The amplitude of the driving 

signals was set to 0,310 V RMS, i.e., -10 dB relative to 1 V RMS. The amplitude 

was monitored during the measurements by using a digital RMS meter parallel to the 

headphones. 

Figures 4 to 8 show the absolute sound-pressure levels for both ear shells of each of 
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the 5 Beyer 990 headphones. The data represent SPLs for an electrical input of 1 V 

RMS. In order to obtain these data, the measured SPL values were compensated for 

the probe gain factors and increased by 10 dB. In most cases, plots are shown for 2 

subjects, namely SP and RK. For the 38076 headphones, measurements were clone 

twice for subject SP in order to test reproducibility. For the 45739 headphones, probe . 

measurements were clone for 3 subjects (SP, AH, and RK). Generally speaking, SPLs 

are seen to be rather similar among the subjects for low frequencies, i.e. below 2 kHz. 

In this range, the SPLs measured for subject AH show an upward shift of about 2 

dB. 
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For frequencies above approximately 4 kHz, SPLs are found to be considerably vari

able (a) between subjects and (b) between the left and right ear shells for a single 

subject. Also, in the low frequency region below approximately 600 Hz, two clusters 

of headphones seem to exist: 38076-35761 having a rather flat response, and 45739-

45566-45708 showing a maximum at 100 Hz. 

In order to get an impression of the variation in SPL over headphones and subjects, 

all data displayed in Figures 4 to 8 were pooled. For each frequency, the mean and 

standard deviation was calculated for an input of 1 V RMS at the headphone input 

(Figure 9). For 1 kHz, the mean was 96.0 dB SPL (sd 1.09 dB). For 600 Hz, the 

mean was found to be 93.8 dB SPL (sd 0.84 dB). Note that the data for subject AH, 

which were only measured fora single headphone set ( 45739), are not included in this 

average. 

::::i' 
Q.. 
V) 

100 

~ 95 

] 
90 

85 ~--~~~-~~~~~-~~~~~~ 
10 100 1000 

Frequency (Hz) 

10000 

Figure 9: Means and standard deviations over pooled data with 1 V RMS at the 

input of the headphone. 

4.2 Measuring transfer functions using the artificial ear 

4.2.1 Experimental setup 

A logarithmic sweep ranging from 20 Hz to 20 kHz with a duration of 3 s was generated 

with the B & K function generator. This signal was sent through the PA4 and HB6 

modules to the Beyer headphones. The headphones were coupled to the artificial ear 
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with a flat plate and plastic ring. The headphone was resting with its own weight 

on the plate plus some extra pressure due to the stretching of the headphone. A 0.5 

inch B & K cartridge (type 4134) was mounted in the artificial ear and connected to 

a B & K (type 2120) frequency analyzer (which we basically used as a preamp). The 

Sound Pressure Level at the Beyer headphone was measured with the (calibrated) 

B & K (type 2120) frequency analyzer and was found to be about 65 dB fora 1 kHz 

sinuoid. The output of the frequency analyzer was routed to the line input of the 

IRIS indigo. Simultaneously, the output of the function generator was routed to the 

other channel of the line input of the IRIS indigo. In this way both the input signal 

for the headphones and the output waveform of the headphones were stored digitally 

and could be used for the derivation of the transfer function. 

Transfer functions were obtained by dividing the complex spectra (FFT) of the output 

waveforms by the complex spectra of the input signals. This (complex) transfer 

function is split into an amplitude and a phase spectrum. 

4.2.2 Sensitivity measurements 

The sensitivity of the headphones coupled to the B & K 4153 artificial ear was acous

tically measured using a 1 kHz sinusoid at -3 dB relative to the full output of the 

Indigo DA convertor, this resulted in a 1.89 V RMS input for the headphones. 

The dB values were read from the B & K 2120 frequency analyzer (which was cal

ibrated to the 2130 piston, cf section 4.1) . The measured sensitivities at 1 kHz are 

shown in the table below, L-RMS and R-RMS indicate SPLs at the left and right ear 

shells. In addition , probe measurements at 1 kHz (cf. section 4.1.2) are shown for an 

input of 1.89 V RMS. The presented values are averaged values for the two subjects 

RK and SP: 
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Serial number Artificial ear Probe 

L-RMS (dB) R-RMS (dB) L-RMS (dB) R-RMS (dB) 

38076 97.5 98.5 101.8 103.4 

45739 96.8 97.6 101.3 102.2 

45566 97.0 97.0 100.8 101.2 

35761 97.5 99.2 100.7 102.9 

45708 96.2 96.8 100.1 100.5 

We observe an average difference of 5.5 dB between the measurements with the arti

ficial ear and with the probe. This difference is due to the different air volume that 

is enclosed in the headphone shell for both types of measurements. 

4.2.3 Resulting transfer functions 

The transfer functions of the five Beyer DT990 headphones are shown in Figures 10 

to 14. The measured sensitivities at 1 kHz (see 4.2.2) were used as calibration values. 

Note that we can distinguish two clusters of headphones with very similar transfer 

functions. These are the same as the clusters mentioned in see 4.1.2. 
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Figure 11 : serial nr 35761 , with 1.89 V RMS at the input 
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4.3 Additional measurements 

4.3.1 Cross talk 

The probe was inserted between the left ear shell of the headphone and the subject's 

ear. Sinusoids were played at -10.0 dB with respect to the maximum output level of 

the DA converter (0.85 V RMS at input of the headphone) . The sinusoids were sent 

to either the left or the right ear shell of the headphone. The level as picked up by 

the probe was read from the B & K 2120 frequency analyzer (using one-third-octave 

band-pass filtering to reduce background noise). The cross talk is the difference (in 

dB) between the Left and Right measurement. 

Data for Reinier 

1 Freq. (Hz) 1 Left (dB) 1 Right (dB) 1 Cross-talk (dB) 1 

125 99.4 37 -62.4 

250 99.6 40 -59.6 

500 101.7 57.2 -44.5 

1000 104.8 67.2 -37.6 

2000 96.3 51.5 -44.8 

4000 103.6 66.2 -37.4 

Data for Steven 

1 Freq. (Hz) 1 Left (dB) 1 Right (dB) 1 Cross-talk (dB) 1 

125 99.0 41 -58 

250 99.0 45 -54 

500 100.6 55.5 -45.1 

1000 103.7 60 -43.7 

2000 96.5 54 -42.5 

4000 103.2 61.5 -41.7 
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4.3.2 Harmonie distortion 

The harmonie distortion was measured for the left and right ear shells of the Beyer 

headphone using the artificial-ear setup and the DATA 6500 (cf. section 3.1). The 

harmonie distortion was found to be -65 dB. The spectrum of the measured acoustical 

signal is shown in Plot 7 and 8, for the left and right ear shell, repectively. As a · 

reference the spectrum of the background noise is shown in Plot 6. 

4.3.3 Intermodulation distortion 

For measuring intermodulation distortion, two sinusoids at alevel of -6.03 dB relative 

to the maximal output were sent out on the DA converter (1.34 V RMS at the input 

of the headphone). The headphone response was measured using the artificial ear. 

The intermodulation distortion was found to be less than -60 dB. The spectrum of 

the acoustically measured signal, as determined with the DATA 6500, is shown in 

Plot 9. The left and right ear shells were essentially the same. 

5 Transforming the digital RMS value to the equi

valent diffuse field SPL 

With the previous measurements it is possible to transform a digital RMS value into 

an acoustic SPL value, taking into account the attenuator settings. 

In order to do this we must first define what is meant exactly by the SPL. For 

headphones there are several definitions for the SPL which are not equivalent. The 

SPL of headphones can be defined as: 

1. the SPL measured at (or close to) the eardrum of a subject. 

2. the SPL of the diffuse sound field that is needed to generate the same SPL at 

the eardrum as the headphones do. 
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3. the SPL of the free field ( sound incidence only from the front of the listen er) 

that is needed to generate the same SPL at the eardrum as the headphones do. 

By measuring with a probe at the entrance of the ear canal we can in principle trans

form the measured transfer characteristic such that it respresents the SPL according 

to one of the three above definitions. This can be done if the coupling between either 

the headphone, the diffuse field , or the free field to the earcanal is known. 

Another alternative is measuring with a probe at the eardrum. This measurement 

represents definition 1. At present we have no probes that make such measurements 

possible. 

We have chosen to use definition 2 for the SPL. In establishing the calibration ac

cording to this definition we have used the fact that the Beyer DT990 headphones 

were designed to simulate the diffuse sound field, or to be more specific: The power 

spectrum that can be measured at the eardrum when we listen in a diffuse field to 

a stimulus with a flat power spectrum, is replicated when we listen to Beyer DT990 

headphones that are driven by a electrical input with a flat power specrum. We 

assume that the Beyer DT990 do this correctly ( cf. M0ller et al., "Transfer charac

teristics of headphones measured on human ears," J. Audio Eng. Soc., Vol. 53, pp 

203- 217) . 

lf we want to obtain the factor that is needed to transform the digital RMS value 

into the SPL, it is sufficient to know this for one calibration frequency only (for the 

moment we accept inevitable inaccuracies that result from this assumption) . We have 

chosen 1 kHz for our calibration frequency. For this frequency, the SPL measured 

using the probe (cf section 4.1) was seen to be rather replicable over the different 

headphones and subjects. For an electrical input of 1 V RMS, the average SPL value 

was 96.0 dB. The maximum amplitude for a sinusoid using the equipment discussed 

in section 3.1, with the TDT PA4 and HB6 set to 0 dB attentuation, results in a 

voltage across the headphones of 1.893V RMS. This means that the SPL produced 

by the headphones for a 1 kHz sinusoid at maximum level equals 101.5 dB SPL. 
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If we use the convention that signals expressed in real numbers are transformed to 

integer values in such a way that a real amplitude of 1 corresponds to an integer 

amplitude of 215 , an RMS value (for reals) of O dB corresponds to an acoustic level of 

104.5 dB (the 3-dB correction follows from the arnplitude-RMS relation for sinusoids). 

Appendix: Comparison with old equipment 
This appendix gives information on the differences between the new equipment as 

described here and the old setup that we used in the past. 

The old setup that we describe here consists of the IEEE attenuators with 600 0 

output and the Beyer DT880 headphones. First we show the electrical output at the 

IEEE attenuators, the PA4 and the HB6 when loaded with Beyer DT880 and Beyer 

DT990 headphones with serial number 38076 (All attenuators were set to O dB while 

a 1 kHz sinusoid was played at a digital RMS level of -20 dB). 

Output source Beyer DT880 ( m V) Beyer DT990 ( m V) 

PA4 280 280 

HB6 268 268 

IEEE 148 145 

Second, we show the measured SPLs of the Beyer DT880 and the Beyer DT990 on 

the artificial ear with sinusoids of different frequencies generated at maximal digital 

amplitude (corresponding to -3 dB digital RMS). SPLs were measured with the head

phones connected to the TDT equipment. Attenuators were set to O dB. 
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1 Frequency (Hz) 1 Beyer DT880 (dB) 1 Beyer DT990 (dB) 1 

250 105.4 96.8 

500 105 96.5 

1000 104.6 98.2 

2000 103.2 98.2 

4000 106.0 100.8 

6000 106.6 107.8 

8000 107.8 114.2 

10000 113.6 110.6 

Noise l 92 93 

Noise2 93 87.5 

Noise3 98 101 

With: 

• Noisel: Noise at -20 dB digital RMS, bandpassed from 0 to 10 kHz 

• Noise2: Noise at -15 dB digital RMS, bandpassed from 0 to 5 kHz 

• Noise3: Noise at -15 dB digital RMS, bandpassed from 5 to 10 kHz 
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