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1 Introduction 

 

In this study, the feasibility of a battery powered low-power 24 GHz Doppler radar based on the BGT24MTR11 
chip was evaluated. The operating scenario is the detection of human body movement through velocity. 
Possible applications are security and surveillance systems and automatic lighting applications, which basically 
needs to detect the presence of a person within a defined range. The underlying design goals are as mentioned 
in Table 1. 

Table 1 Design goals 

Parameter Design goal 

Speed range 2.5 km/h – 20 km/h 

Doppler shift 111 Hz – 888 Hz 

Measurement rate 2 Hz (2 updates / second) 

Temperature range -40 °C - 105 °C 

Output power 11 dBm (max. output power of BGT24MTR11) 

Speed uncertainty 1 km/h 

 

In order to reduce the power consumption, the radar chip has to be operated in a duty-cycling mode; that means 
that measurements are conducted within short intervals separated by sleep times in which the radar chip is 
unpowered. 

This document shows that it is possible to reach these design goals in a duty-cycling mode, so that the 
radar chip is activated for about 10 ms and shut down for the remaining 490 ms, reducing the power 
consumption in this mode to only 2% of what would otherwise be required in continuous operation. 

This is equivalent to a power reduction from 528 mW needed in the continuous mode, with maximum 
output power and current consumption of the BGT24MTR11, down to merely 12 mW when the radar is 
operated in the duty-cycling mode, while providing the maximum output power of the IC. 

Due to the fact that we use here a simple radar system without frequency modulation and a comparably low 
measurment rate this document serves as a kind of an estimation of the lower limit of power consumption that is 
possible with the BGT24MTR11.  

 

 

Figure 1 BGT24MTR11’s power consumption as a function of measurement update time. 
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The duty-cycle mode described here can also be applied to the other siblings of Infineon Technologies 24 GHz-
radar family. 

The optimization of digital software and hardware as well as other components will not be discussed in this 
document. Solely the power consumption of the radar chip will be taken into account. 

Figure 1 shows the power consumption as a function of the measurement update time. For example, an update 
time of 0.5 s means there is a new measurement every 0.5 s. The graph implies an assumed activation time of 
10 ms. It should be mentioned that the power consumption values affect only the radar chip and not the 
complete radar system. Depending on the application, the power consumption may be further reduced using a 
lower TX output power, this leads however to a reduced coverage range of the radar. 

Table 2 gives an overview on the Doppler frequencies generated by targets with different speed and the 
minimum measurement time required to be able to measure those speeds correctly. It shows that a finer speed 
resolution needs a longer measurement time. 

Table 2 Resulting Doppler shift and minimum measurement time for different speeds 

Speed km/h 1 1.5 2 2.5 3 4 5 6 8 10 

Doppler shift Hz 44.4 66.7 88.9 111.1 133.3 177.8 222.2 266.7 355.6 444.4 

Min. measurement 
time 

ms 22.5 15.0 11.3 9.0 7.5 5.6 4.5 3.8 2.8 2.3 
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2 System description and measurement setup 

2.1 System description 

The proposed radar system setup is described in Figure 2. The radar system consists of the BGT24MTR11 
radar IC, a baseband amplifier, the Infineon XMC4500 Cortex-M4 microcontroller and a load switch connected 
to the 3.3 V supply input of the BGT24. Only the used ports of the BGT24MTR11 are represented in Figure 2.  
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Figure 2 Pulsed mode Doppler Radar setup 

 

The VCO’s (voltage controlled oscillator) tuning voltages are controlled directly by the DACs (Digital-to-analog 
converter) of the XMC4500. The 23 kHz digital prescaler output is used by the microcontroller to estimate the 
VCO frequency. The frequency estimation may be implemented through counting the rising and falling edges 
over a time interval. The result is then compared to the reference microcontroller clock generated using a 
precise crystal oscillator. The SPI interface is used to program the BGT24’s registers (output power setting, 
enable PA, multiplexer settings, etc.). The load switch is controlled by the microcontroller and is used to connect 
or disconnect the BGT24 to and from the supply voltage. The temperature of the chip can be monitored by the 
microcontroller using the integrated temperature sensor. The temperature sensor may be powered by an 
external supply, thus allowing the temperature monitoring even when the radar chip is switched off. The 
baseband module is used to amplify the baseband Doppler signal so that it matches the ADC input range and to 
filter the frequency equivalents of unwanted velocities.  

Since the direction of the movement is not essential for this application, only the In-phase (I) component of the 
signal was amplified, digitized and processed to reduce the cost and power consumption of the system.  
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The microcontroller is responsible for the complete system control, data acquisition and data processing. The 
operation of the radar is described in the following sections. 

The pulsed radar operation cycle is highlighted in Figure 3. It consists of four different states with different power 
consumption: 

 Standby 

 VCO settling 

 Sampling 

 Data processing 

 

States with high power consumption are drawn in red, with medium power consumption in yellow and with 
lowest power consumption in red. During standby the power consumption of the system is low. After a certain 
time in standby mode the microcontroller is woken up by a timer interrupt and turns on the BGT24-IC. During 
VCO settling the PA output of BGT24MTR11 is kept disabled until the VCO’s frequency is inside the ISM Band. 
Then transmission of the signal is enabled and the received and down-converted signal is being sampled. VCO 
settling and sampling are the two states with the highest power consumption. Once sampling is complete the 
BGT24 is tuned off and the microcontroller processes the sampled data. After decision – a target is present or 
not – the system goes back into standby mode. 

The four states will be discussed in more detail in the next section. 

 

 

Figure 3 Duty-cycle operation of the Radar system 

 

2.1.1 Standby state 

The standby state is the time slot of duration tOFF at which the power consumption is reduced to a very low 

value. During the relatively long stand-by time, BGT24MTR11 and the base band amplifier are disconnected 
from the 3.3 V supply source. The microcontroller is set to a sleep mode or hibernated and its function is 
reduced to a timer that wakes up the system within regular time intervals through an interrupt. When using the 
XMC4500 multiple power-management modes are available [2]: 

 Sleep mode:  Processor clock is stopped. 

 Deep sleep mode:  System clock is stopped and PLL, as well as flash, are switched off. 

 Hibernate:   The power supply to the core is switched off. The RTC (Real Time Clock) may be used 
to wake up the microcontroller to the active state (RTC periodic event). 
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Table 3 summarizes the typical supply currents and wake-up times for the different states. 

Table 3 XMC4500 power modes 

MCU power mode Supply current Wake-up time 

Active 110 mA / 180 mA (typ./worst case at 
f = 120 MHz) 

- 

Sleep 46 mA (f = 100 kHz) 6 cycles 

Deep sleep 6 mA (f = 100 kHz) 270 µs (flash memory wake-up time) 

Hibernate (RTC on) 10 µA (VBATT = 3.3 V) 3.5 ms (max.) 

 

2.1.2 VCO settling time 

The microcontroller uses one of its internal timers at a pre-defined rate to activate the measurements by 
connecting the radar IC and the baseband module to the 3.3 V power supply. 

In BGT24MTR11’s default power-on state, the PA (power amplifier) outputs of the TX signal are disabled. This 
prevents transmitting power outside the ISM band right after power-up when the TX frequency might not be 
controlled yet. Only after the VCO has settled to the target frequency the TX outputs should be enabled. 

In conjunction with a Doppler radar, the VCO frequency’s exact value is not critical to the measurement 
accuracy and leads to measurement errors below 0.12 km/h. This assumption is valid, when a VCO frequency 
of 24.125 GHz is assumed and the unknown actual frequency is between 24 GHz and 24.25 GHz. 

It must be ensured, however, that the output frequency remains within the limits of the ISM band (24 GHz – 
24.25 GHz). Therefore the PA should remain disabled for a time interval tVCO until the microcontroller verifies, 

using the 23 kHz prescaler output, that the VCO frequency is within the allowed ISM frequency band. The ISM 
band is equivalent to a prescaler frequency range of [22.888 kHz – 23.127 kHz]. Using the much higher 
microcontroller clock (in the MHz range), the prescaler frequency may be accurately estimated with about 5 
frequency periods (about 217 µs). 

2.1.3 Sampling 

Once the VCO frequency is within the ISM band, the power amplifier may be enabled and the baseband signal 
is sampled by an analog-to-digital converter (ADC). During this time, the microcontroller core may be 
deactivated and only the peripherals (ADC, DAC, SPI, etc.) remain active in order to further reduce the power 
consumption. The ADC reactivates the core through an interrupt. 

2.1.4 Data processing 

After the sampling, the BGT24 and the baseband module are turned off again and the data is processed within 
the microcontroller to extract the velocity information. The main blocks of the processing are the FFT (Fast 
Fourier Transform) and the maximum search of its magnitude. The maximum value is then compared to a 
threshold, and when exceeded, the presence of a moving human in the radar vicinity is assumed valid. 
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2.2 Measurement setup 

The used measurement setup is very similar to the actual radar setup as in Figure 2. The setup was realized 
using: 

 BGT24MTR11 evaluation board: Three similar evaluation boards were used to verify the reproducibility of 
the measurements. 

 XMC4500 microcontroller Hexagon Board: Together with the pin extension card and the J-Link Lite 
Debugger: Used for controlling BGT24MTR11, as well as for signal acquisitioning and data processing. The 
Infineon Dave 3 programming interface was used to program and debug the code. The measurement results 
were communicated to a computer through the USB interface. 

 Baseband amplifier and filter: Serves as an interface between the BGT24’s IF outputs and the ADC input. 
Operational amplifiers with a single supply voltage equal to that of the BGT24 (3.3 V) are advantageous. 
Furthermore it is beneficial to choose rail-to-rail amplifiers to cover the whole input range of the ADC. 

 A load switch to connect and disconnect BGT24MTR11 to the power supply. The load switch should have a 
control voltage and an operating voltage of 3.3 V. A typical switch consists of both an N-channel and a P-
channel (power) MOSFET according to Figure 4. In the implemented prototype board, an integrated solution 
incorporating both switches in a small package was used. When connected to BGT24MTR11, the measured 
rise time of the switch output is about 55 µs. 

  
 

P-MOS

N-MOS

Pull-up

Vout

Vin

ON / OFF

 

 

Figure 4 High-side load switch 

A block diagram of the measurement setup is shown in Figure 5. The In-phase component of the baseband 
signal (IF_I / IF_IN) is connected to an ADC channel of the microcontroller. The quadrature component was left 
unconnected to reduce the power that otherwise would have been required by a second baseband amplifier, by 
a second ADC channel as well as additional processing time and resources. 

An oscilloscope is used to measure the 23 kHz output (actual VCO frequency/16/65536) of the BGT24 as well 
as the 1.5 GHz output. The oscilloscope measures also the temperature sensor output to monitor the 
temperature variation during ON-OFF switching of the BGT24. The temperature sensor has a sensitivity of 3-
4 mV/K and is, as already mentioned, independently biased to allow temperature measurements even when the 
BGT24 is in the OFF state.  

One of the differential TX ports was terminated by a 50 Ω load, the other was connected to the input of a 
spectrum analyzer to measure the amplitude and the frequency of the transmitted signal. The used coaxial SMA 
cable has an insertion loss of 11 dB at 24.125 GHz. The spectrum analyzer not only serves to track the 
instantaneous frequency but also to capture the frequency variation over some time interval by using the max 

hold function. 

The microcontroller acts as a master. The Digital-to-Analog converters (DACs) are connected through low-pass 
RC filters (R = 100 Ω and C = 1 µF) to the VCO coarse and fine inputs. The sampling frequency of the ADCs 
was set to 5000 Sps (Samples per second).  
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Figure 5 Block diagram of the measurement setup 

The firmware structure including the timing of the different steps is described in Figure 6. Right after the start of 
the complete system the DACs are activated and they provide a tuning voltage bigger than 0.5 V to make sure 
that the voltage at the tuning pins is high enough for the VCO to fire. For more details please refer to the VCO 
section in [1]. Then the analog radar front-end is switched on and the system waits for the VCO frequency to 
settle in the ISM-band. This is done by a software loop. The XMC4500 reads out the frequency provided by the 

Q2-prescaler (~23 kHz), which corresponds to the VCO frequency divided by 2
20

, and changes the tuning 
voltages until the VCO’s frequency is at the desired value. Once this is completed, the PA of BGT24 is enabled 
via the SPI-bus and the actual measurement takes place. After the received signal is sampled and stored the 
analog frontend is switched off again and the XMC processes the received data and goes into sleep mode when 
finished. After the desired standby time the next measurement sequence is being started. 

 

 

Figure 6 Microcontroller firmware structure and timings 
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3 Measurement results 

The total BGT ON time is expressed by 

 tON = tRISE + tVCO + tSPI + tSample 

With a measurement rate of 2 Hz, the duration of a cycle is about tcycle = 500 ms. tSPI and tRISE are considerably 

smaller than tcycle and will not be considered any further. 

3.1 Effect of temperature variation on the VCO settling time to the ISM band tVCO 

tVCO is the time needed by the VCO frequency to settle within the ISM frequency band (24 GHz – 24.25 GHz). 

The VCO covers frequencies up to 26 GHz and may easily drift outside the band mainly due to temperature 
variations. The temperature variation may be caused by the environment, for example by neighboring electronic 
components or by the radar chip itself due to power dissipation. It should be noted that only relatively fast 
temperature variations are of interest in our discussion since slow variations are compensated in relatively long 
time intervals through the 23 kHz feedback path.  

The measurement setup of Figure 5 was used to verify the behavior of the VCO output frequency under strongly 
varying temperatures while maintaining a constant control voltage. The picture shows the captured TX spectrum 
using the max hold function of the spectrum analyzer to capture all the VCO frequencies over a time interval. At 
room temperature the frequency was set by the DACs to 24.125 GHz, the middle of the ISM band. The chip 
temperature was then varied using a freeze spray (down to about -30 °C) for low temperatures and hot air (up to 
100 °C) for higher temperatures. The VCO frequency variation goes beyond the ISM band bounds (Marker 1 
and 2 for the lower and upper limits). This implies that, in general, the VCO of the BGT24 may not be operated 
over a large temperature range using a free running mode without any feedback path to control the frequency. 

 

 

 

Figure 7 TX spectrum using the max hold function. The VCO is controlled by the DACs. The 
temperature was varied over time. 
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It was observed that, using continuously running radar without any external temperature variation, the frequency 
drift at the steady state did not exceed about 15 MHz in the worst case. In this case the calibration may be 
applied within relatively large time intervals since the VCO operates in a stable operating temperature. 

The duty-cycle mode results, however, in a rapidly changing temperature due to the alternating power 
dissipation of the radar chip leading to cyclic variations of the VCO temperature. The temperature depends on 
the ON and OFF state durations as well as multiple other parameters such as heat transfer properties of the 
PCB, TX power, etc.. Figure 8 represents the expected temperature variation of the BGT in the pulsed mode. 
T°ON,ss and T°OFF,ss are the steady state temperatures of the ON and OFF states respectively reached after 
a relatively long time after which the chip temperature remains constant. During the pulse operation the 
temperature varies between both steady state values depending on the ON and OFF interval lengths. The 
highest temperature variations should be reached when both state durations are relatively long, as the VCO 
frequency varies monotonically with temperature [1].  

 

 

 

Figure 8 Expected temperature variation in pulsed-mode. 

 

This frequency variation was measured first using the spectrum analyzer and the max hold function. The 
observation time was made long (few minutes) to make sure all occurring frequencies are captured. The 
measured spectrum was then compared to the ISM bandwidth. As the measured bandwidth was smaller than 
the ISM band, tVCO may be set to zero, i.e. the BGT24 power amplifier may be turned ON almost immediately 

after powering the VCO, given that the ambient temperature didn’t change since the last measurement cycle. 

The maximum occupied bandwidth variation should be observed when the largest values of tOFF and tON are 

used. Figure 9 shows the bandwidth measurement for tOFF = tON = 15 s. The cycle length is sufficiently large to 

reach a steady operating temperature for both the ON and the OFF state. The measured bandwidth is about 
80 MHz and therefore considerably less than the available bandwidth of the ISM band.  
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Figure 9 TX spectrum with TON = 15 s and TOFF = 15 s. 

 

 

 

Figure 10 TX spectrum with TON = 32 ms and TOFF = 0.5 s. 
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Figure 11 TX spectrum with TON = 32 ms and TOFF = 1 s. 

 

 

Figure 12 TX spectrum with TON = 32 ms and TOFF = 2 s. 
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Figure 13 TX spectrum with TON = 32 ms and TOFF = 4 s. 

 

 

Measurements using shorter cycles were performed and measured bandwidths were, as expected, smaller than 
in Figure 9. Measurements results are shown in Figure 9 - 13 and in Table 4. tON was set fixed to 32 ms. tOFF 

has been varied between 0.5 s to 4 s. A lower tON value would lead to an even smaller occupied bandwidth 

since the radar chip would not reach higher temperatures. 

 

Table 4 Measured occupied bandwidths for different tOFF values. 

tON 32 ms 32 ms 32 ms 32 ms 15 s 

tOFF 0.5 s 1 s 2 s 4 s 15 s 

BW 49 MHz 52 MHz 53 MHz 54 MHz 80 MHz 

Figure Figure 10 Figure 11 Figure 12 Figure 13 Figure 9 

 

These measurements were verified over the temperature range [-30°C - +85°C] using a temperature forcing 
system to maintain a steady ambient temperature. During the measurement the tuning voltage of the VCO was 
kept to a fixed value. 

 The results are plotted in Figure 14 and show that, as expected, the center frequencies are partially located 
outside the ISM band due to the temperature variation. The frequency drift using a pulsed mode with 
tON = tOFF = 15 s shows to the variations depicted as vertical bars in Figure 14. The frequency drift, measured at 

a steady ambient temperature, does not exceed 50 MHz. The frequency drift remains significantly lower than 
the available ISM bandwidth of 250 MHz. 
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Figure 14 BGT24 VCO center frequency and frequency drift as a function of temperature 

 

 

In order to verify the spectrum analyzer measurements, the 23 kHz prescaler output data was captured using a 
digital oscilloscope. The frequency relates to the VCO frequency through 

 
𝑓 𝑝𝑟𝑒𝑠𝑐𝑎𝑙𝑒𝑟 =

𝑓 𝑉𝐶𝑂 

65536 × 16
=

𝑓 𝑉𝐶𝑂 

1048576
 (1)  

 

 

In order to measure the frequency variation over time using the time domain data, short time Fourier transforms 
with overlapping intervals were applied. The extracted data shows not only the occupied frequencies but also 
their variation with time. The parameters of the short time Fourier Transform should be carefully chosen so that 
the measured frequency is accurate. The MATLAB spectrogram function may be used to plot the frequency-
time dependency. Figure 15 shows the frequency variation over time for a pulsed mode with tON = 130 ms and 

tOFF = 300 ms. The frequency, depicted with the white line, is the maximum of the Fourier transform and shows 

a variation of about 20 Hz, where the red area is equivalent to the ON state. Equivalently, the TX bandwidth 
varies according to (1) by about 21 MHz and remains therewith inside the ISM band. The figure shows also a 
frequency variation at the end of the ON interval caused by the ON-OFF switching. This is apparently due to the 
VCO control voltage variation caused through the chip internal pull-up resistors. This effect may be avoided by 
disabling the PA before switching off the supply voltage. 
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Figure 15 Spectrogram of oscilloscope data with tON = 130 ms and tOFF = 300 ms 

 

 

Figure 16 Figure 15 enlarged around the relevant frequency value. 

 

In Figure 17, the slow frequency variation over the ON state has been observed for a longer time period until it 
almost converged to the steady state. Even with a very long ON time of 4.5 s, the slow frequency variation of 
the VCO is about 16.7 MHz. 
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Figure 17 Spectrogram of oscilloscope data with tON = 4.5 s and tOFF = 1 s. 

 

Measurements of the temperature sensor output were also conducted. Although distorted by noise as well as by 
the poor ADC resolution of the used oscilloscope, using a duty-cycle mode with tON = 4.5 s and tOFF = 1 s, a 

temperature variation of about 5 °C was measured as shown in Figure 18. 

For tON = tOFF = 5 s, the measured temperature variation through the sensor was about 9 °C to 12 °C. 

 

 

 

Figure 18 Temperature variation as a function of time with tON = 4.5 s and tOFF = 1 s. 
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It may be concluded from the VCO frequency measurements that: 

 A free running VCO radar without a feedback loop to control the frequency is not possible over a large 
temperature range. 

 When the VCO is set to the middle of the ISM band, using the duty-cycle-mode with any duty cycle does not 
lead to the violation of the ISM band frequency regulation as long as the ambient temperature does not 
change abruptly. 

 In order to account for the ambient temperature variations, the frequency estimation through the 23 kHz 
prescaler is required before enabling the PA. The frequency may be estimated in a time interval 
considerably lower than 1 ms. 

 

3.2 Sampling time tsample 

The sampling time tsample is equivalent to the observation time of the Doppler baseband signal contaminated by 

noise. The target velocity estimation results from the estimation of the Doppler frequency fD of the baseband 

signal described by 

 𝑠𝑏𝑎𝑠𝑒𝑏𝑎𝑛𝑑 (𝑡) = 𝐴 sin 2𝜋𝑓𝐷𝑡 + 𝑛(𝑡) (2)  

 

 

with A the signal amplitude and n(t) the noise. The velocity measurement is more accurate for a higher value of 
the signal-to-noise ratio (SNR) of the signal. Accuracy is also increased by having a longer observation time 
tsample. The observation over the limited time tsample is equivalent to the multiplication of sbaseband (t) by a 

windowing function. In the frequency domain, this is equivalent to a convolution with a sinc pulse (sin(πx)/πx). 
The sinc pulse is sharper when the time window is longer. The longer the observation time tsample, the more 

accurate is the estimation. The lowest frequency is the most critical due to its large time period: For 111 Hz  
T ≈ 9 ms. 

The SNR may be also improved through a higher sampling frequency over the same time interval tsample through 

the averaging of the high-frequency noise. The sampling rate should also make sure that it is at least equal to 
the double of the largest Doppler frequency (2 × 888 Hz ≈ 1800 Hz) in order to satisfy the Nyquist sampling 
theorem.  

On the other side, a high sampling rate leads to a larger current consumption and a larger data vector and 
therefore to much longer digital processing time and required processing resources.  

We used in the prototype system a sampling frequency of 5 KSps which lead to acceptable accuracies. The 
XMC4500 allows a maximum sampling frequency of 2.85 MSps  with an 8-bit resolution (uncalibrated). 

The SNR is higher for targets closer to the radar, since the reflected signal power is equivalently higher. For a 
low-power radar operation, it is necessary, given a known SNR, to minimize the observation time without 
compromising the measurement accuracy beyond the requirements.  

Figure 19 shows the statistical simulation of the Doppler Radar system accuracy with SNR = 5 dB and a 
sampling frequency of 5 KSps and an observation time tsample = 9 ms. The FFT was used with the factor 5. 

The simulation shows that for velocities above 5 km/h, the accuracy remains below the originally specified 
tolerance of 1 km/h.  

It is concluded that the observation time tsample = 9 ms is sufficient for the targeted radar operation requirements. 

A higher accuracy or a lower velocity range requires in general a longer observation time. 
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Figure 19 Simulation of the frequency estimation over the velocity range of interest with SNA = 5 dB, 
fsample = 5 KSps and tsample = 9 ms. 

 

3.3 Summary of measurement results 

 

Based on the measurements the VCO settling time tVCO may be set to a value lower than 1 ms, which implies 

that the power ON time of the radar tON is almost equal the sampling time of the ADC. As shown in summarized 

in Figure 6, the ON time may be set to tON = 10 ms, independently from the duty cycle. 

By a measurement rate of 2 Hz, the power consumption reduction is equal to a factor of 44. The actual power 
consumption by a maximal TX power is reduced from about 528 mW to about 11 mW.  

The power consumption of the baseband module in the setup was about 48 mW when continuously operated 
(~ 1 mW in the pulsed mode). The power consumption of the base band module may be further reduced by 
using more power efficient operational amplifiers. 

 

4 Conclusion 

 

This application note shows a way to reduce the overall power consumption of BGT24MTR11 by performing a 
duty-cycle mode which is also applicable to its siblings BGT24MTR12 and BGT24MR2. 

This document gives an estimation on how low one can get in terms of power consumption when turning on and 
off the radar system – 11 mW compared to above 500 mW in continuous mode. Of course there may be 
applications that require even lower measurement update rates, for example checking if a parking lot is 
occupied by a car, resulting in even lower power consumption. 
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Most other applications will have different needs in terms of sampling time or OFF time, but adjusting those 
required values one can easily calculate the required duty-cycle, as the switching time can be neglected, to get 
an estimation of the required power for the radar IC. 
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