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Abstract: This paper presents a land area measuring instrument based on an STM32
microcontroller (STMicroelectronics, Paris, France) and a BeiDou positioning chip (Zhongke
Microelectronics, Hangzhou, China). The system employs BeiDou navigation as the core
positioning, leveraging its unique three-track satellite cooperative networking and BDSBAS
satellite-based enhancement technology as the physical layer guarantee mechanism to
maintain high-precision positioning in the weak signal area of the Asia—Pacific region. At
the same time, this design integrates the FreeRTOS real-time operating system to implement
a dynamic memory management strategy. By adopting the linear incremental memory
allocation mechanism coupled with the emergency Kalman prediction algorithm, the
software layer establishes a memory buffering and fault-tolerant processing framework.
Test results demonstrate a relative error below 1% in open terrains, while errors remain
below 2.72% under weak signal conditions and in complex terrain environments.

Keywords: BeiDou positioning chip; any area measurement; Green’s formula; STM32
microcontroller; dynamic memory management; Kalman prediction

1. Introduction

Geographic information system (GIS) technology has demonstrated unprecedented
potential for enhancing geographic resource management efficiency and optimizing land
resource allocation [1-3]. In land resource management and cartography, area measure-
ment serves as a critical parameter that profoundly influences regional planning, resource
allocation, and utilization efficiency. Consequently, developing novel area measurement
technologies is essential for addressing land management challenges, advancing preci-
sion agriculture, and driving innovation in modern surveying and mapping. Traditional
area measurement methods—predominantly reliant on manual techniques and conven-
tional instruments—exhibit inefficiency and significant errors, failing to meet modern
agriculture’s precision management requirements. While satellite navigation-based area
measurement instruments (e.g., GPS) have proliferated in recent years [4,5], these systems
remain limited in their dynamic environment adaptability, complex-terrain processing,
and resource utilization efficiency. Under weak signal conditions, issues such as insuf-
ficient satellite distribution density and pronounced multipath effects further degrade
measurement accuracy.

To address these limitations, researchers globally have pursued continuous method-
ological refinements for complex scenarios and accuracy enhancement. In 2017, Chen et al.
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utilized 5720 handheld GIS equipment to validate forestland measurement data, achieving
a 4.55% accuracy through region-specific sampling point optimization; however, their static
memory allocation strategy proved environmentally constrained [6]. By 2019, Yang et al.
developed a land area measurement instrument using the 51216F8 module and pC/OS-II
system, incorporating a narrow-band bandpass filter to eliminate power—frequency inter-
ference and active potential shielding to mitigate weak signal leakage. While attaining
1.42% accuracy in open-field tests, persistent signal reception challenges under weak signal
conditions remained unresolved [7]. In 2020, Wang et al. proposed a dual-polarized an-
tenna GPS signal reception algorithm that improved urban canyon positioning accuracy
by 43.07% through multipath /non-line-of-sight (MP/NLOS) signal suppression, though
area measurement applications were unexplored [8]. Concurrently, Mohaddeseh et al. com-
bined Type II fuzzy sets with wavelet transforms to boost GPS signal reception accuracy by
28.6% in high-noise environments, albeit with embedded deployment limitations due to
algorithmic complexity [9]. Collectively, these efforts prioritized hardware enhancements
or signal-processing innovations to address weak signal constraints. Following the 2020
operationalization of the BeiDou-3 satellite constellation, research on BeiDou measurement
accuracy has intensified, with growing applications in area measurement. For instance,
Zhang et al. (2022) integrated the MC120M BeiDou module with Delaunay triangula-
tion, achieving a 0.7% average error in multi-terrain farmland validation [10]. Xiao et al.
(2025) further resolved forest canopy signal occlusion via a BeiDou/inertial navigation
integrated system, attaining a 3% positioning accuracy in coniferous, broad-leaved, and
mixed forests [11].

In this context, this design employs BeiDou navigation as its core positioning technol-
ogy. The BeiDou system provides a physical layer solution for the weak signal environment
through its unique technical architecture: its inclined geosynchronous orbit (IGSO) satellite
forms high elevation coverage in the Asia—Pacific region, increasing the minimum number
of visible satellites to eight [12]. Its unique BDSBAS satellite-based augmentation service
broadcasts differential correction parameters through GEO satellites, and the horizontal and
vertical positioning accuracy is about 0.15 and 0.2 m [13]. A 72-h GNSS Toolkit 3 (Zhongke
Microelectronics, Hangzhou, China) evaluation of satellite reception in Figure 1 revealed
stable visibility of 5-12 BeiDou satellites in Nanjing (vs. 4-11 for GPS), with most sustaining
>25° elevation angles. Comparable carrier-to-noise ratios (C/Np) of GPSs confirm BeiDou’s
positioning robustness in Asia—Pacific regions, establishing a physical-layer foundation for
complex-terrain performance.
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Figure 1. Satellite reception test results (left: C/Ny; right: visible satellites; red: BeiDou; blue: GPS;
green: GLONASS).
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Nevertheless, hardware-layer anti-interference capabilities necessitate complementary
software-layer optimization. Although measurement accuracy continues to improve, most
area measurement instruments employ static memory pre-allocation—a strategy ill-suited
to dynamic sampling point variability, risking memory waste or stack overflow [14]. In
weak signal environments with intermittent connectivity, this approach may also cause
sampling queue fragmentation. This study innovatively integrates dynamic memory man-
agement with BeiDou positioning: a FreeRTOS-based linear incremental allocation strategy
enabled on-demand resource distribution while preventing memory fragmentation. During
signal interruptions, Kalman prediction automatically filled data gaps, establishing a dual
“hardware anti-interference + software fault-tolerance” safeguard. Table 1 benchmarks this
system against existing solutions.

Table 1. Comparative analysis of area measurement technologies.

Research Team Hardware Scheme Software Scheme Measurement  Measurement Slgna.l .
Area Accuracy Adaptability
Chenetal. 2017)[6]  S720 handheld GIg  xed memory +datapoint /0y g 455% moderate
screening occlusion
MC120M BeiDou static memory + o
Zhang et al. (2022) [10] module triangulation algorithm farmland 0.7% open area
Arm processor + static memory +
Xiao et al. (2025) [11] dual-frequency B.elD.O u/.mertlal woodland 3% moder.ate
. . navigation integrated occlusion
BeiDou chip .
positioning system
. . ATCM332 D FreeRTOS dynamic . . 0.37% (open) open/semi-
This design . . memory + Kalman multi-terrain o closed /urban
BeiDou chip _— 2.72% (weak)
prediction canyon

In summary, to address demands for high precision, portability, and stability in area
measurement, this paper presents an instrument integrating a domestic BeiDou position-
ing chip and an STM32 microcontroller (STMicroelectronics, Paris, France). The system
leverages BeiDou positioning, FreeRTOS real-time operation, and dynamic memory man-
agement to significantly enhance flexibility and resource efficiency. Through precise data
processing and adaptive resource strategies, it maintains high reliability even in unstable
signal environments, overcoming traditional GPS limitations in signal-degraded areas.
Users obtain rapid area measurements by traversing target perimeters with the handheld
device, offering technical support for land resource planning, agricultural management,
and surveying applications.

2. Principle of Operation
2.1. Distance Measurement Principle

The spherical triangle circle formula is a commonly used distance calculation method [15].
As shown in Figure 2, N is the north pole of the earth, P and Q are two points on the earth,
whose latitudes are lat1 and lat2, respectively, and the longitudes are lonl and lon2; a1 and
«y are spherical angles (where the latitude and longitude are, respectively, radian), and the
distance between PQ points is D. Using the spherical triangle formula

cos(lat2) - cosay = sin(latl) - sin D — cos(latl) - cosaq - cos D 1)
It can be solved that the spherical distance between PQ points is
D = R-arccos[sin(latl) - sin(lat2) + cos(latl) - cos(lat2) - cos(lonl —lon2)]  (2)

where R is the radius of the earth, in meters.
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Figure 2. A schematic diagram of the earth’s sphere.

2.2. Area Measurement Principle
2.2.1. Theoretical Basis of Green’s Formula

Green’s formula provides a feasible way to calculate the area of the plane region of the
known boundary curve equation [16-18]. Let D be a closed domain on the xy plane, whose
boundary consists of smooth closed curves. If the sum of functions P(x,y) and Q(x,y) has
a continuous first order partial derivative on D, then

- 20 oP
i pexpix-+ oty = [ (52~ 5 Jaxay @)

1

When a specific function combination P(x,y) = —1y, Q(x,y) = Llxis selected, the

right-hand integrand is simplified as

aQ 9P

1
ox  dy =57

1
;=1 4)

At this time, Green’s formula is transformed into an area integral

S = 1§I§xdy—ydx ®)
2]

2.2.2. Discretization and Polygon Approximation

Suppose that the boundary curve recorded by the instrument is surrounded by a
closed region D, and the plane coordinates of each point in the region D are obtained as
shown in Figure 3.

Figure 3. Record point and area diagram. The dotted line represents the omitted sampling points.

—
At the same time, P;P;, 1 is expressed as a parameter equation

— — x4 tAx;
O e e N (PP )) ®)
y = yi+tAy;
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where Ax = x;41 — x;, Ay = y;+1 — y;. Substituting the parameter equation of each line
segment into the line integral formula, the piecewise integral result is obtained as

Pi+1 1
/P' xdy — ydx :/0 [(x; + tAx;)Ay; — (y; + tAYy)Ax;ldt = xyi01 — xiy; (7)
1

2.2.3. Polygon Area Synthesis

The area calculation formula is obtained by summing up the results of all side integrals as

n
S = igl(xinl = Xiy1Yi) 8)

N —

The user steps the point sampling through the handheld measuring instrument, and
the satellite positioning module can collect the latitude and longitude coordinates of each
point in the target area. Therefore, the area of any irregular area can be calculated based on
Green’s formula.

3. Hardware System Design

The system architecture comprises five integrated modules: microcontroller, power
management, satellite navigation, OLED display, and key interface in Figure 4.

Keystroke module

!

Display module |« MCU
+ A

Power module

Satellite module

A

Figure 4. System hardware composition module. Arrows indicate primary signal/power flow: The
Keystroke Module (user input) and Satellite Module (raw data) feed into the MCU, while the Power
Module supplies it. The MCU (processed results) and Satellite Module (direct real-time data) output
to the Display Module for visualization.

The microcontroller (MCU) selects STM32 F103, which is a 32-bit MCU based on the
ARM Cortex-M3 core (ARM, Cambridge, UK). It has high working frequency, rich memory,
multiple peripheral interfaces and low power consumption characteristics.

The power supply system uses a DC 5 V power supply, and the voltage is stably
converted to 3.3 V through the Texas Instruments TPS76133 chip (T1, Dallas, TX, America)
to meet the working requirements of each module. The filter capacitor is added to the
conversion circuit to ensure the stability of the power supply, reduce interference, and
improve the reliability of the system [19].

The core of the BDS satellite module is an ATGM332D chip (Zhongke Microelectronics,
Hangzhou, China), which adopts a 40 nm RF-SoC process, and the cold start sensitivity
is —148 dBm (2.3 dB higher than u-blox M8N). It has a unique BDSBAS satellite-based
enhancement function through the GEO satellite broadcast differential correction number
so that the single point positioning accuracy is from 3 m to 1.5 m. The built-in multipath
suppression module of the chip adopts narrow correlator technology, which can reduce
multipath error by more than 60% [20]. The chip supports both active and passive antenna
modules. This design uses an active SMA interface antenna; it is compared with the general
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u-blox NEO-MS8N (GPS module) on the market. The comparison results are shown in
Table 2.

Table 2. Module performance comparison table.

Parameter ATGM332D (BeiDou)  u-blox NEO-MS8N (GPS) Improvement
Cold start sensitivity —148 dBm —146 dBm +2dB
Multipath rejection ratio 62% 45% +17%
Satellite-based enhanced channel BDSBAS SBAS unique GEO correction

The liquid crystal display module adopts the 2.42-inch OLED liquid crystal display
screen of Zhongjingyuan Electronics (Zhengzhou, China), which has the characteristics of
high contrast, wide viewing angle and fast response. It can clearly display the measurement
data, trajectory and other information, which is convenient for users to view in real time.

The key module is powered by +5 V DC, and the key processing thread reads each
GPIO pin value circularly to realize the user’s control of each functional thread, such as
starting the measurement and ending the measurement. The operation is simple and the
user experience is improved.

The overall hardware design is compact and the function is comprehensive, which
provides a solid foundation for the accurate measurement and stable operation of the area
measuring instrument. Figure 5 is the hardware photo of the area measuring instrument.

TN G M SR

Figure 5. Hardware physical image.

4. Embedded Programming
4.1. FreeRTOS Memory Management Strategy Optimization

Given the specialized functionality of this design—with infrequent task thread cre-
ation/deletion and constrained microcontroller memory—the system implements FreeR-
TOS’s heap_1 allocation scheme [21-24]. Compared to commercial measurement instru-
ments, the heap_1 strategy demonstrates superior operational efficiency on the resource-
limited STM32F103 microcontroller (STMicroelectronics, Paris, France): the absence of
dynamic memory release prevents fragmentation risks while ensuring long-term stabil-
ity [25]. Performance metrics confirm that allocation operations (requiring only pointer
arithmetic and critical section protection) average < 2 us. Residual memory is monitored
in real time via xPortGetFreeHeapSize(). Experimental results indicate < 82% memory
utilization under a full load, with reserved capacity accommodating extreme scenarios
while balancing real-time performance and memory efficiency.
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4.2. System-Level Integration of Dynamic Memory Management

Conventional approaches store collected data using static memory allocation. How-
ever, unpredictable land area dimensions and geometries preclude prior knowledge of
required sampling points. Excessive pre-allocation wastes storage resources and constrains
auxiliary functions, whereas insufficient allocation risks memory overflow and system fail-
ure. Dynamic memory management thus enhances flexibility and stability [26,27], aligning
resource utilization with operational demands.

4.2.1. Linked List Structure Memory Model

This design employs a linked-list data structure to manage sampled geospatial points.
A Node structure in Table 3 stores latitude/longitude coordinates and a pointer to the
subsequent node, forming a singly linked list. Upon acquiring new coordinates, memory is
dynamically allocated to instantiate this structure.

Table 3. Node structure members.

Member Description
longitude record longitude
latitude record latitude
next pointer to the next Node structure

The structure forms a one-way linked list. When the new coordinate data is collected,
the corresponding memory space is dynamically allocated and the data is stored in the
form of the structure.

4.2.2. Dynamic Memory Management Related Code

This section describes the dynamic memory allocation strategy for storing real-time
GPS trajectory data. The pseudo-code Algorithm 1 below initializes a linked list, allocates
memory for new nodes upon data arrival, and handles allocation failures:

Algorithm 1: Dynamic memory management part of the pseudo code

Input: GPS data stream
Output: Trajectory linked list

1: Initialize empty linked list
2: while system running do
3: if new GPS data available then

4 allocate new_node < malloc(Node)
5 if allocation successful then

6: store coordinates in new_node
7 insert new_node into linked list
8 else

9: trigger memory warning

10: end if

11:  endif

12:  wait for next sampling interval
13: end while
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4.3. Robustness Enhancement of Kalman Prediction
4.3.1. Kalman Filtering Prediction

The Kalman filter is an algorithm for optimal prediction of dynamic systems through
recursive state estimation. Its core idea is based on the “prediction—correction” cycle. In
satellite positioning, the algorithm suppresses random noise and improves positioning
accuracy by fusing the dynamic characteristics of historical trajectories with current ob-
servations. In this design, the Kalman filter is innovatively extended from the traditional
real-time positioning optimization to the trajectory prediction after signal loss. The state
equation is:

{ Xy = FaXp1+wr ©)
Zy = HXj+ vy

X is a state vector including longitude, latitude, meridional velocity, and zonal velocity.
e  Fis the state transition matrix:

1 0 At O
01 At

F = 10
0 0 1 (10)
00 0 1

e  wy is the process noise, which conforms to the normal distribution (0, Q), and the
process noise co-square is Q = diag(0.2%,0.22,0.12,0.12).
e 7 is the observation value (satellite positioning coordinate), and vy is the observation noise.

4.3.2. Emergency Mechanism Design

When the device detects that the C/NO in the chip output NMEA-0183 protocol is less
than 20 and exceeds three seconds, the emergency mechanism is triggered, and the system
automatically switches to the Kalman filter prediction mode. The flow chart of this process
is shown in Figure 6.

BeiDou positioning
Kalman filtering prediction

no

|
Get the last 10 trajectory points }

Py
Q/Noqow-ri?/ >
o

}/es

[e———— Enter the Kalman mode

¥

Initialize the state vector

4

Predict the next location AN\

\\
Signal recovery? >
~
\

N

|
Update the dynamic sequence

Switch back to BeiDou mode

Figure 6. Kalman prediction flow chart. Blue represents normal GNSS positioning flow; Orange
indicates Kalman prediction mode; Green dashed lines denote decision nodes; Red highlights mode
switching critical points.

4.3.3. Kalman Prediction Related Code

This section details the Kalman filter implementation for position prediction during
GPS signal loss. When signal interruption occurs, the system uses the average velocity
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from recent position points to estimate subsequent coordinates. The prediction process is
formalized in Algorithm 2 below.

Algorithm 2: Kalman Prediction Pseudocodes

Input:
RecentPoints  // Last 10 position points
SignalLost // True when signal lost
Output:
PredictedPos // Predicted coordinates

1: Initialize state X with [lon, lat, v_lon, v_lat]

2: while SignalLost do

3:  v_avg < average_velocity(RecentPoints)

X <+ predict_next_position(X, v_avg) // State prediction

new_node < allocate_memory()
new_node.position < [X [0], X [1]]
add_to_trajectory(new_node)

10:  wait(1000ms) // 1s prediction cycle
11: end while

4.4. The Design of the Program Function

Based on FreeRTOS, functional requirements are partitioned into discrete threads:
data processing, display rendering, ADC acquisition, and keystroke monitoring. Follow-
ing microcontroller initialization, these threads execute concurrently. Figure 7 illustrates
their collaboration, with dashed lines denoting control flow and solid lines representing
data flow.

Hardware interaction

layes Data analysis layer User interface layer

serial data

UART interrupt
refresh notification

andlog Sig""’i . processing result :
ADC read thread P Data processing thread P Screen display thread

< =

Keystroke threads | ..

dispaly request
Figure 7. Collaboration diagram between threads.

4.4.1. Serial Interrupt Program

Serial communication employs an interrupt-driven scheme to ensure real-time respon-
siveness while minimizing CPU utilization. The interrupt handler parses the SGNRMC
frame from the BeiDou module’s NMEA-0183 protocol output, extracting UTC time, po-
sitioning status, latitude/longitude coordinates, ground speed, azimuth, date, magnetic
declination, and checksum values. Valid frames trigger notification to the data processing
thread for spatiotemporal coordinate extraction [28-30].
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4.4.2. Data Processing Thread

According to the above mathematical principle of length and area measurement, the
corresponding data processing thread was designed. After receiving, the serial interrupt
program captures the valid information frame. Then the data processing thread detects
the validity of the information frame and extracts the spatiotemporal information from
the information frame, and then stores the coordinate information. At the same time, the
sampled information is packaged and sent to the OLED screen display thread for user
monitoring. The sampling flow chart in the data processing thread is shown in Figure 8.

‘ Start )

ata frame acquisitiol
completed?

TA

Extract information

Calculate the coordinate
distance

no

Distance>threshold?

yes

Apply for y storage

Figure 8. Data processing thread sampling process.

Considering the drift of data information and preventing the device from oversam-
pling, the distance between the collected position coordinates and the previous position
coordinates is calculated by using the large circle distance formula during each storage,
and detecting whether the distance is greater than a certain threshold. If it is greater than
the threshold, it is stored.

In order for the user to end the sampling, they must press the corresponding button.
At this time, the thread will process, calculate the area, and draw the user’s stepping point
trajectory according to the collected data.

4.4.3. Keystroke Threads

In the key thread, the key is polled every 30 ms, and the processed results are packaged
and sent to the corresponding thread to change the running state of the corresponding
thread and realize the user’s control of the device.

4.4.4. ADC Read Thread

In order to read the power information of the power supply battery and ensure the
normal operation of the system, the built-in analog-to-digital converter (ADC) of STM32 is
used to convert the analog power signal into a digital signal. The ADC thread polls the
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ADC and packages the results to the OLED screen (ZhongJinYuan, Zhengzhou, China)
thread for display.

4.4.5. OLED Screen Display Thread

When the display thread receives the data packets of the data processing thread and
the ADC thread, it is displayed on the OLED screen after processing. Once it receives the
data packet from the key thread, the display interface is switched.

5. Measurement and Analysis
5.1. Statistical Analysis Method

According to the accuracy evaluation standard, this experiment uses five independent
measurements to evaluate the repeatability of the system. The calculation formulas for the
standard deviation (o) and coefficient of variation (CV) are as follows:

_ Lo 2
o= \/n_ll.;l(xz “l/l) (11)
o
CV = <y> 100% (12)

In the formula: x; is a single measurement value, p is the sample mean value, n = 5.
The Shapiro-Wilk test is used to verify the normality of the data. According to the critical
value table of the Shapiro-Wilk test (sample size n = 5, significance level o = 0.05), when the
statistic W > 0.76, the assumption that the data obeys the normal distribution is accepted.
The calculation formula of the W statistic is as follows [31]:

" 2
(’ Zlaixo'))
W=x=" /7 (13)

n —\2
Y (x—X)
i=1
In the formula: g; is a constant coefficient, (i) is the order statistic, and X is the sample mean.

5.2. Function and Precision Test

According to the real-time kinematic (RTK) technical specifications of the global navi-
gation satellite system, the test environment is divided into two categories according to
signal strength and terrain complexity: Class A (open flat area, satellite visibility > 80%) and
Class B (urban canyon/dense forest area, satellite visibility < 50%). In order to comprehen-
sively evaluate the environmental adaptability of the measurement system, three typical
test scenarios were selected in this study: a standard football field (fully open environment),
a campus dormitory (semi-closed environment), and a high-rise building intensive area
with a weak signal. The test period covers different meteorological conditions, such as
sunny, cloudy, and rainy, and repeated measurements are carried out at a fixed time of day
to eliminate the daily periodic effect of ionospheric delay.

5.2.1. Football Field Test

A standard football field (with an actual area of 7140 m?) was selected as the reference
test area. The area has no shelter and the elevation angle of the horizon is less than 10°,
which ensures the complete reception of the satellite signal.

Table 4’s data show that the relative error of each measurement is controlled within 0.67%,
which verifies the basic performance of the system in an ideal environment. Figures 9 and 10 show
the actual stepping point trajectory and the equipment drawing trajectory, respectively.
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Table 4. Football field area test results.
Date Weather Measuring Actual Area Relative Error

Condition Area (m?) (m?) (%)
13 March Cloudy 7123 0.23
15 March Light rain 7188 0.67
17 March Sunny 7126 7140 0.19
19 March Cloudy 7107 0.46
21 March Sunny 7159 0.26

@) ' (b)

Figure 9. The actual treading track in the football field area. (a) Actual field scene (cloudy);
(b) Schematic satellite view of the football field. Yellow line indicates the walking path during sampling.

Figure 10. Football field area test trajectory.

5.2.2. Dormitory Building Area

The second stage test was carried out in the campus dormitory building group area
(actual area: 28,490 m?). The average building height in this area is 24 m, and there are many
building corners. In terms of signal, due to shelters, such as buildings and trees, around the
dormitory building, the satellite signal would be disturbed during the propagation process,
resulting in signal attenuation and multipath effects, resulting in low and unstable signal
strength received by the receiver.

The test results are shown in Table 5, and the actual trajectory and test trajectory are
shown in Figures 11 and 12, respectively.

Table 5. Dormitory building surrounding area test results.

Date Weather Measuring Actual Area Relative Error
Condition Area (m?) (m?) (%)
13 March Cloudy 28,378 0.39
15 March Light rain 28,803 1.09
17 March Sunny 28,381 28,490 0.38
19 March Cloudy 28,720 0.81

21 March Sunny 28,678 0.66
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(b)

Figure 11. The actual stepping point trajectory around the dormitory building. (a) Actual field scene

(sunny); (b) Schematic satellite view of the dormitary building area. Green line in-dicates the walking
path during sampling.

Figure 12. Dormitory building area test trajectory.

5.2.3. Downtown Area

Finally, we selected Deji Square in Xinjiekou, the busiest area in Nanjing, as a typical
downtown test area in Figure 13. The underground part of the square is connected to the
subway station, the traffic is dense, and the electromagnetic interference is strong. The area
is characterized by dense high-rise buildings, with an average building height of more than
200 m and a minimum building spacing of less than 15 m, forming a complex urban canyon
environment. During the test, the number of visible BeiDou satellites was reduced to 5-8
(the GPS was 4-6 in the same period), the average carrier-to-noise ratio was 6.2 dB-Hz
lower than that in the open area, and the multipath effect was significantly enhanced. The
area data of five repeated measurements are shown in Table 6. The comparison between the
actual trajectory and the test trajectory is shown in Figure 14. The maximum relative error
of 2.72% verifies the reliability of the equipment in this signal attenuation environment.

Table 6. Deji Square area test results.

Date Weather Measuring Actual Area Relative Error
Condition Area (m?) (m?) (%)
13 March Cloudy 85,714 0.84
15 March Light rain 87,309 2.72
17 March Sunny 85,918 85,000 1.08
19 March Cloudy 86,823 2.14

21 March Sunny 86,504 1.77
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Figure 13. The actual tread track in Deji Square. (a) Actual field scene (light rain); (b) Schematic
satellite view of the urban center. Red line in-dicates the walking path during sampling.

Figure 14. Deji Square area test trajectory.

5.3. Measurement Repeatability Analysis

In order to quantify the measurement repeatability, five independent samplings were
performed on each scene. The calculated standard deviations o are 28.9 m? (football
field), 156.7 m? (dormitory area), and 547.8 m? (downtown area), respectively, and the
corresponding coefficient of variation CV = 0.40 ~ 0.64%, which is lower than the industry
standard limit. The Q-Q plot of the three types of areas is shown in Figure 15. Comparing
the quantile of the measured value with the theoretical normal distribution, it can be seen
that the scatter points are basically distributed along the y = x line. The Shapiro-Wilk
normality test shows that a test statistic of W = 0.92-0.97 (critical value W _jtjca; = 0.762,
n =5, « = 0.05), a significance level of p > 0.1, and assumes that the measured data obeys
the normal distribution.

dormitary area urban center

28,800
28,700
28,600
28,500

28,400

85,800

7160 7180 7200 28,300 851600
28,300 28,400 28,500 28,600 28,700 28,800 28,900 o
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(b) (©

Figure 15. Q-Q plots drawn for three types of areas. (a) Football field (open area), (b) Dormitory
zone (semi-urban), (c) Urban center (dense environment). Diagonal reference lines indicate expected
normal distribution; closer point alignment implies better normality.
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5.4. Signal Interruption Comparison Experiment

In order to verify the reliability of the “dynamic memory + Kalman filter” scheme
in the signal interruption scenario, a comparative experiment was carried out in the Deji
Square area (actual area: 85,000 m?). In the experiment, two additional control groups were
set up to calculate and compare their area errors, and the number of memory allocation
failures was counted through the FreeRTOS memory management hook function. The
memory overflow rate is the number of allocation failures divided by the total number
of allocations.

e Control group 1: GPS + fixed memory: u-blox NEO-M8N module, memory pre-
allocated 100 nodes

e  Control group 2: BeiDou + fixed memory: use ATGM332D chip (Zhongke Micro-
electronics, Hangzhou, China) but disable dynamic memory management, memory
pre-allocated 100 nodes

e  This design: dynamic memory + Kalman filter mechanism

During the experiment, the antenna is occluded for ten seconds (analog signal inter-
ruption) after three minutes of measurement, and the measurement is repeated five times.
The test results are shown in Table 7.

Table 7. Analog signal interrupt test results.

Cateco Average Error Maximum Error Number of Memory Overflow
sory (%) (%) Trajectory Breaks Rate (%)
GPS + fixed block memory 3.62 6.71 1.8 8.4
BeiDou + fixedblock memory 3.15 5.89 1.4 7.6
This design 171 2.72 0 0
Results analysis:

e  The advantages of a physical layer: The error of the BeiDou group is 12.9% lower than
that of the GPS group, which verifies the reliability of the BeiDou satellite in a weak
signal environment.

e  Software-layer enhancement: The dynamic memory scheme further compresses the
error by 45.7%. There is no trajectory fracture in the experimental group, while the
fixed memory group has an average data loss of 1.4 due to queue overflow caused by
satellite positioning errors or signal interruption recovery.

5.5. Energy Consumption Assessment
In order to test the energy consumption of this design, we selected the GPS positioning

module u-blox NEO-6M (u-blox, Thalwil, Switzerland) commonly used in the market to

conduct power consumption comparison experiments with this design. The test platform
selected was the laboratory digital-analog hybrid test platform ST3020, and it performed
an FVMI analysis on standby mode (only maintaining the RTOS idling) and continuous
positioning mode (1 Hz positioning + screen brightness), respectively. The power supply
voltage was 3.3 V & 1%, and the ambient temperature was 20 °C. The test results are shown

in Table 8.

Table 8. Power consumption comparison table.

Operating Mode This Design Current (Ma) GPS Module (Ma) Energy Saving Ratio (%)
Standby 8.2 12.5 34.4
Continuous positioning 68 92 26.1
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5.6. Error Analysis

The above test results show that the designed area measuring instrument can achieve
ideal measurement accuracy, but there are still small errors. The causes of area measurement
error are mainly divided into hardware error and software error. The hardware errors
of satellite and receiver are mainly related to the signal frequency, signal modulation
mode, satellite, and receiver types. The type and positioning method of the receiver have
a significant impact on the estimation of the region. For example, in the measurement
area, the accuracy of differential GPS measurements is higher than that of autonomous
positioning systems [32]. The positioning error of satellite navigation is mainly divided into
satellite errors, propagation errors, and receiving errors, which are generated by different
hardware modules during propagation, measurement or reception [33,34]. Software errors
mainly come from the discretization of the area by the numerical method, which leads to a
reduction in accuracy. For this kind of error, the accuracy error caused by noise interference
and the multipath effect of the satellite signal can be reduced by replacing the satellite
receiving module with higher accuracy or improving the filtering algorithm [35].

In summary, through hardware upgrades and algorithm optimization, as well as
the unique advantages of the BeiDou system, we can further reduce the error range and
improve the overall measurement accuracy and reliability of the area measuring instrument.

6. Conclusions

This paper designed and implemented an area measuring instrument based on an
STM32 microcontroller and a high-precision BeiDou positioning chip, which solves the
accuracy problem of traditional area measuring tools in weak signal environment.

In terms of hardware, we introduced a high-performance BeiDou positioning chip,
which still has a high accuracy and stability of measurement in complex environments. In
the software design, we used a FreeRTOS real-time operating system to achieve efficient
scheduling and management of tasks, and ensure the real-time and response speed of the
system. In addition, the application of dynamic memory management technology over-
comes the limitations of traditional static memory allocation and improves the flexibility
and resource utilization of the system.

The experimental results show that the average relative error of the measuring instru-
ment in open terrain is 0.37%, and the maximum relative error in complex environments,
such as urban canyons, is 2.72%, which is lower than the 5% threshold specified in the
global navigation satellite system (GNSS) receiver calibration specification. Compared
with traditional GPS equipment, it still maintains high precision and high stability under
weak signal conditions, showing better environmental adaptability. In summary, the area
measuring instrument designed in this paper has achieved results in terms of technological
innovation and experimental verification, and provides for land and resource planning,
agricultural management, and surveying and mapping exploration.
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