

  electronics-11-02311




electronics-11-02311







Electronics 2022, 11(15), 2311; doi:10.3390/electronics11152311




Article



A Fully Integrated Passive Self-Jamming Cancellation Architecture with Fast Settling Time for UHF RFID Reader



Qinan Chen 1,2,3[image: Orcid], Zheng Li 1,2,3, Dahai Jiang 1,2,3[image: Orcid], Qiang Shan 1,2, Zihui Wei 1,2, Jinjin Xiao 1,2, Shuilong Huang 1,2,* and Yu Liu 1,2,*





1



Research and Development Center of Healthcare Electronics, Institute of Microelectronics of Chinese Academy of Sciences, Beijing 100029, China






2



Beijing Key laboratory of RFIC Technology for Next Generation Communications, Institute of Microelectronics of Chinese Academy of Sciences, Beijing 100029, China






3



University of Chinese Academy of Sciences, Beijing 100049, China









*



Correspondence: huangshuilong@ime.ac.cn (S.H.); liuyu5@ime.ac.cn (Y.L.)







Academic Editor: Federico Alimenti



Received: 2 June 2022 / Accepted: 19 July 2022 / Published: 25 July 2022



Abstract

:

This paper presents a fully integrated passive self-jamming cancellation (SJC) circuit in 0.18 µm Complementary Metal Oxide Semiconductor (CMOS) technology for ultra-high frequency (UHF) radio frequency identification (RFID) applications. Based on the active amplitude and phase control, a novel passive variable capacitor array and signal combiner are adopted instead of a traditional variable amplifier/attenuator and a phase shifter to reduce the circuit complexity and thus achieve higher linearity and low noise. We use an improved cancellation algorithm based on the local search method to quickly and accurately find the cancellation point that minimizes the self-jamming signal power. The simulation and measurement results are constant, and a suppression of 38 dB can be achieved in the working frequency of 860–960 MHz. The cancellation algorithm can be finished within 0.5 ms. These results indicate that the designed SJC circuit can be a promising candidate for UHF RFID applications.
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1. Introduction


Ultra-high frequency (UHF) radio frequency identification (RFID) has received more attention due to its stronger anti-interference ability, longer transmission distance, etc. RFID realizes the identification and transmission of information using the spatial coupling of RF signals, which belongs to non-contact identification [1]. The RFID system consists of two parts: readers and tags. In the passive UHF RFID reader, the reader must transmit continuous waves (CW) to power up the tag while receiving the data sent by tags. For a single antenna reader, due to the limited isolation of the circulator or directional coupler, the CW signals transmitted by the reader will inevitably leak to the receiver (RX) [2], which is called a self-jamming signal. The power of the self-jamming signal is much greater than the useful signal received by the reader, so the useful signal will be completely submerged in the self-jamming signal, resulting in RX saturation and sensitivity reduction. The frequency of the self-jamming signal is close to that of the useful signal, so it is difficult to remove it by the filter. If self-jamming suppression is not applied, the low noise amplifier and mixer of the RF front-end must have a high dynamic range to correctly distinguish useful signals, which will undoubtedly increase the complexity of RF front-end design. At the same time, for the direct-conversion receiver, serious DC offset will occur after mixing the self-jamming signal with the local oscillator (LO) signal, which also poses a challenge to the design of the analog-to-digital converter (ADC). Therefore, the circuit structure with self-jamming signal suppression is of great significance in improving the performance of the RF front-end receiver of the UHF RFID reader.



In recent years, many transceiver systems based on UHF RFID readers have been manufactured [3,4,5,6,7]. Among them, some circuit structures [6,7] have been proposed to realize self-jamming signal suppression. Other works with only the SJC circuit are also proposed in [8,9,10,11,12,13,14,15]. In [8,9], impedance tuning circuits are added to the free port of the directional coupler, and cancellation is achieved by terminating the isolated port with a proper (reflective) impedance. Some use deformed microstrip rat-race circuits to replace the traditional circulator or directional coupler for better isolation [10]. These methods have the advantages of simple structure and low noise performance because the circuit is passive, but they are hard to be integrated and only work in a limited frequency range because of the narrowband filters.



Cancellation technologies using the replica of the transmitting carrier have been mentioned in [11,12,13]. They use an amplifier or attenuator to control the amplitude of the replica signal and use a phase shifter to control the phase [11,12]. However, the active circuits will produce thermal and phase noise in the SJC circuit, making the cancellation algorithm hard to converge. The architecture proposed in [13] completes the amplitude and phase control through the FPGA in the digital domain. However, it suffers from a long calibration time. Another proposed architecture [14] is achieved by comparing the leakage signal with the reference signal to determine the phase and amplitude difference using an RF gain and phase detector, which gives a better starting point for the search algorithm. However, the cancellation process also takes more than 20 ms to converge.



Based on the application of the UHF RFID transceiver, this paper proposes an SJC circuit, which uses a passive variable capacitor array and signal combiner to achieve phase and amplitude control. The phase and amplitude control circuits are composed of passive components, which feature low noise and high linearity compared to the active devices. We use the power detector to constantly detect the power of the self-jamming signal, and the proposed self-jamming cancellation algorithm realizes fast and stable control. The circuit has been fabricated in 180 nm CMOS technology, and the simulation results are demonstrated by measurements.



This paper is organized as follows: Section 2 gives the overall architecture of the UHF RFID transceiver and the proposed SJC circuit design issues. Section 3 demonstrates simulation and experimental results. Finally, Section 4 draws the conclusions of the entire work.




2. Analysis and Design


2.1. Overall Architecture of UHF RFID Transceiver and SJC Circuit


Figure 1 shows the UHF RFID transceiver system architecture based on the SJC circuit. The transmitter (TX) and RX are connected to one antenna through a directional coupler. Due to the imperfect isolation of the directional coupler between the TX and RX path, the RX receives a useful signal from the tag and a self-jamming signal from the TX end when the RFID reader works. To deal with this, a sample of the transmitted cancellation signal LO is used to cancel out the self-jammer in the received signal. We adjust the off-chip power amplifier or attenuator in the cancellation signal path to ensure that the power level of the cancellation signal is equal to the largest power level of the self-jamming signal. Then, the phase and amplitude of the cancellation signal are changed through the SJC circuit to make it the same as the leaked carrier amplitude and opposite to the phase. After the signal combiner, most of the self-jamming signals are suppressed. The residual self-jamming signal and useful signal are sent to the low-noise amplifier (LNA) and converted to the baseband through the mixer. Then, the residual self-jamming signal is down-converted into the DC component and can be easily removed by other components.



The sensitivity of the reader is not only limited by the noise of the RX itself but is also influenced by the noise of the cancellation signal and self-jamming signal. According to the range correlation effect, if the time delay between the cancellation signal and the self-jamming signal is small enough, the noise will also be canceled along with the self-jamming signal [16]. So, we take the cancellation signal from another port of the directional coupler and try to keep them on the same path, as shown in Figure 1. The additional noise of the SJC circuit should also be reduced. Therefore, an SJC circuit with a very low noise passive component instead of noisy active devices is adopted in this paper.



The block diagram of the SJC circuit is shown in Figure 2. The cancellation signal LO is converted into a differential signal before the SJC circuit. The differential signal is converted into four signals with the same amplitude and phase of 0°, 90°, 180° and 270° through the passive polyphase filter, respectively. The active buffer compensates for the signal attenuation from the passive polyphase filter and makes the four output impedances consistent. However, if the power of the cancellation signal after the SJC circuit is still larger than the power of the self-jamming signal, the buffer can be removed from this circuit. Then, the variable capacitor array and signal combiner control the amplitude and phase of the cancellation signal, and the output is added to the received self-jamming signal. The feedback network continuously detects the power of the residual signal before the LNA. Due to the high frequency of the self-jamming signal, the residual signal power is converted into linear voltage by a power detection circuit and then sampled by an additional ADC. The power detection circuit also reduces ADC’s design complexity and cancellation algorithm.




2.2. SJC Circuit Design


2.2.1. Passive Polyphase Filter


In an RF circuit, the method of generating a quadrature signal includes a coupler [17,18], LC circuit [19], and polyphase filter [20]. The coupler is suitable for narrowband systems, but its size is relatively large, especially for systems below several GHz. The inductance of the LC circuit will also occupy a large area. The polyphase filter adopts resistance and capacitance, which has a small size, relatively wide working frequency, and acceptable insertion loss. Therefore, compared with the other two methods, the polyphase filter has great advantages.



The circuit structure of the passive polyphase filter is shown in Figure 3. The input signals Iin+ and Iin− are differential, and the differential output voltage of channel I and channel Q has the following relationship [21]:


     V   Iout +     −  V  Iout −      V   Qout +     −  V  Qout −     =   1 − j ω R C   1 + j ω R C    



(1)




.



As long as the output impedance is consistent, the output voltage amplitudes of channel I and channel Q are always equal. Only when the working frequency   ω = 1 / R C   the output phase difference of channel I and channel Q is 90°. Each output is optionally connected with an active buffer to compensate for the signal attenuation caused by the passive polyphase filter. In addition, the single-order polyphase filter works at a single frequency point, so the working bandwidth is narrow. Increasing the order of the polyphase filter can expand the working bandwidth, but it will bring more losses and increase the power consumption and transistor size of the active buffers. Since the working frequency band of UHF RFID is 860–960 MHz, the first-order polyphase filter can meet the requirements after simulation and testing.




2.2.2. Variable Capacitor Array and Signal Combiner


Figure 4 is a schematic diagram of the unit circuit structure in the variable capacitor array. The main structure includes one capacitor and three switch transistors. The gate of the switch transistor is connected by an AND gate and a NOT gate. The high and low voltage levels are used to turn on and off the switch transistors to carry out amplitude control and polarity control. For example, if both amplitude control MAG and polarity control SIGN are at a high voltage level, M+ is on, M− is off, and the signal is positive. If MAG is at a high level and SIGN is at a low level, M− is on, M+ is off, and the signal is negative. If MAG is at a low level, the polarity control fails, and M+ and M− are turned off at the same time. This capacitor array unit fails. However, this situation will lead to the inconsistency of the overall equivalent impedance of the capacitor array. The addition of Mg can solve this problem. If MAG is high, Mg is off; if MAG is low, Mg is on. Therefore, the capacitor array unit has only one transistor turned on in any case. Connect the output of Mg to the output common mode, and the overall equivalent impedance will be consistent.



A plurality of variable capacitor unit circuits is combined to form a variable capacitor array. The variable capacitor array includes one input, two outputs, one polarity control bit, and several amplitude control bits. Increasing the number of bits of amplitude control can improve the performance of the SJC circuit. However, this will increase the number of variable capacitor units exponentially, resulting in a large circuit area and high-power consumption. If the number of bits of amplitude control is M,    2 M  − 1   variable capacitor units are required.



One variable capacitor unit can be modeled as a capacitor and a resistor in series. The variable capacitor array consists of    2 M  − 1   variable capacitor units in parallel.To verify the feasibility of signal attenuation by variable capacitor circuits, the variable capacitor array is equivalent to the circuit model in Figure 5, where   C L   is equal to the impedance of the output of the variable capacitor array. The number of C represents the number of variable capacitor unit circuits. Assuming that the switch transistors work in the linear region and the equivalent resistance is constant, the transfer function of the circuit is:


  H  ( j ω )  =   1  j ω  C L      1 n    1  j ω C   + r  +  1  j ω  C L      =  1   Γ n  + 1   .  



(2)




where   Γ =  ( 1 + j ω C r )   C L  / C   is the number of variable capacitor unit circuits. From this formula, it can be seen that the transfer function does not increase linearly with the increase of m. Figure 6 shows the magnitude of   H ( j ω )   under different | Γ | values when n < 32. The approximate linearization of the transfer function within a limited n can be achieved by increasing the parameter | Γ |, but this will also lead to severe signal attenuation.



After passing through the polyphase filter, the differential cancellation signals are converted into four signals with the same amplitude and phase of 0°, 90°, 180° and 270°, which are respectively sent to the variable capacitor network after the active buffer. The variable capacitor network consists of four variable capacitor arrays; one variable capacitor array with M = 5 consists of 1 + 2 + 4 + 8 + 16 =    2 M  − 1   = 31 variable capacitor units. Figure 7 shows the schematic diagram of the variable capacitor network and signal combiner circuit. Two polarity control bits and ten amplitude control bits can be set. The polarity control bits can control the polarity of the two orthogonal signals. The amplitude of each quadrature signal is controlled by 5-bit amplitude control bits. By adding the orthogonal signal vectors with different amplitudes, the cancellation signals with different amplitudes and phases can be obtained. Then, the received signal with a self-jammer is superimposed to complete the cancellation.



Figure 8 shows all possible cancellation points after the cancellation signal passes through the variable capacitor network and signal combiner circuit in an ideal case. The polarity control bits determine the quadrant of the cancellation signal. The amplitude control bits determine the coordinate values of I and Q channels. Assuming that the amplitude attenuation of the variable capacitor unit circuit is linear, the adjacent cancellation points are equidistant. To achieve the result that the self-jamming signal can be effectively canceled under various amplitudes and phases, the square area composed of cancellation points must be able to exactly cover the circular area composed of the maximum power of the self-jamming signal, as shown in Figure 8a. Figure 8b shows that the square area can not cover the power region of the self-jamming signal. So, the cancellation accuracy will be affected if the cancellation signal falls at the boundary in the circular area. The side length of the square area cannot be much larger than the diameter of the circular area. Otherwise, the amplitude control will produce redundant control bits, as shown in Figure 8c.



Within the green region shown in Figure 8, the cancellation accuracy is not equal because of the limited resolution of the cancellation points. Figure 9 shows the distribution of the cancellation points when M = 2, where    S j    and    S c    are the given amplitude of the self-jamming signal and the given amplitude of the cancellation signal after vector synthesis, and    S r    is the residual amplitude of the self-jamming signal,    S m    is the maximum amplitude of the self-jamming signal. The relationship between them can be expressed as:


   S r  =  S c  +  S j  .  



(3)







We can conclude that the self-jammer suppression depends on the amplitude of residual self-jamming signal    S r   .     S r   = 0   represents that the self-jamming signal sits exactly at the cancellation point. So, the black points are the best cancellation points. On the contrary, the orange point shows the worst self-jammer suppression with      S r   max  = 0.5   S c    . We can define the degree of self-jammer suppression  η  that:


  η = 20 log    S r     S m    .  



(4)







From the analysis shown below, we can draw the theoretical output of  η  distribution for all possible self-jamming signals in Figure 10. When the residual amplitude of the self-jamming signal    S r    is small, it has a great suppression, and the color is shown in blue. If the self-jamming signal falls between the cancellation points, it has a bad suppression with the color shown in yellow. We can calculate the maximum  η  that:


   η max  = 20 log    2  / 2    2 M  − 1   .  



(5)







If M = 2,   η max   = −12.56 dB, as shown in Figure 10a. With a given    S m   , if M = 3, the worst case will be   η max   = −19.91 dB, as shown in Figure 10b. We can see that the overall self-jammer suppression will be improved as M increases. Although   η max   = −32.84 dB when M = 5, this only occupies a small area. When M is greater than 5, the self-jammer suppression is better theoretically. However, the residual power of the self-jamming signal is weak or completely submerged in noise if we keep increasing M, which means the residual self-jamming signal is below the noise floor. So, increasing M will not always improve the suppression performance.




2.2.3. Power Detector


To monitor the residual power after signal cancellation in real time, a power detection circuit is used to convert the residual signal power value to a linear voltage value. Then, ADC is used to convert the linear voltage value to a digital signal and as the input of the self-jammer cancellation algorithm. The power detection circuit consists of a detection circuit and a logarithmic amplifier. The circuit structure of the detection circuit is a bipolar transistor circuit detector proposed in [22], as shown in Figure 11. The transistor   Q 1   and   Q 4   rectify the residual differential signals after signal cancellation.   Q 2   and   Q 3   provide the same DC offset as   Q 1   and   Q 4  , respectively, ensuring that the output DC signal is 0, and the capacitors   C 3   and   C 4   filter out the AC signal and power noise. The detection circuit has the features of simple structure, wide bandwidth, low power consumption, and good temperature stability.



After converting the power of the residual signal to the DC voltage value, the curve is calibrated by the logarithmic amplifier, and the output voltage varies linearly in dBm with residual signal power. The circuit structure of the logarithmic amplifier is shown in Figure 12. Using the exponential characteristic between the current and the voltage of the bipolar transistor, the following can be obtained:


   I BL  =    V in  −  V ip   R  +  I S   e    V op  −  V ip    V T    ,  



(6)






   I BR  =  I S   e    V on  −  V ip    V T    .  



(7)




where   I S   is the reverse saturated current    V T  = k T / q  . From (6) and (7):


   V op  −  V on  =  V T  ln   e  − 1     I BL   I BR   −   e  − 1     I BR  R     V in  −  V ip    .  



(8)







It can be seen from (8) that the differential output voltage is logarithmic to the differential input voltage, and there is no reverse saturated current   I S   in this equation. Therefore, the circuit is less affected by temperature. The zero and slope of the logarithmic amplifier output can be adjusted by changing the   I BL   and   I BR   values of the two current sources.



From the input and output results of the power detection circuit in Figure 13, it is shown that the output has a good linear relationship when the input signal power is from −20 to 20 dBm at 900 MHz.




2.2.4. Self-Jammer Cancellation Algorithm


Ideally, a function consisting of all cancellation points only has one extreme point, which is the point that minimizes the residual self-jamming signal power [23]. The cancellation algorithm in this paper uses 5-bit amplitude control bits to control I and Q and 2-bit polarity control bits to control quadrants. After calculating, a total of 3969 possible cancellation points will be obtained, and it is unrealistic to search for all of them. The objective of the cancellation algorithm is to quickly and accurately find the cancellation point that minimizes the residual self-jamming signal power among all possible cancellation points. The commonly used cancellation algorithms can be roughly divided into two categories [23]: local search algorithm and gradient descent search algorithm. The gradient descent algorithm has the least number of searches and the shortest searching time. However, it is easily affected by the noise and interference of the reader. So, the performance is unstable, and the algorithm may not converge. In addition, it is suitable for scenarios with ideal ambient noise and circuit noise [24]. On the other hand, the local search algorithm puts less requirement on the power detector as long as it shows a monotone but not necessarily linear input–output relation [25]. So, the design requirements of the power detector can be appropriately relaxed. In this paper, only local search algorithms are discussed.



	
Block search algorithm.






The block search algorithm is divided into two steps to reduce the searching time. The coordinate system is established with the differential control signals of I and Q as the horizontal axis and vertical axis. Each point (x, y) in the coordinate system represents that the control signal of I is x and the control signal of Q is y. The algorithm steps are as follows:




	
Rough search: Divide the whole coordinate system into equal parts according to the   m × m   lattice. Take any point with the same relative position in each lattice as the input. Find the point that minimizes the residual signal power under this step and record this point as A;



	
Fine search: Search each point in the   m × m   lattice where point A is located. Find the point that minimizes the residual signal power under this step. Record this point as B. B is the best cancellation point to minimize the residual signal power;



	
After obtaining the best cancellation point, monitor the residual signal power constantly. If the change of residual signal power exceeds the preset value, skip to step 1. Otherwise, it will be monitored all the time.








Since the amplitude control of channel I and channel Q are 5 bits, after adding the polarity control bits, the control range of channel I and channel Q is divided into     2 5  − 1  +   2 5  − 1  + 1 = 63   points. So, the total points are    63 2  = 3969  . Assuming that the total number of points is    64 2  = 4096  , it can be obtained that the maximum number of searches required by the block traversal algorithm is m. In order to obtain the minimum number of searches, we have   4096 /  m 2  +  m 2  ≥ 2   4096 /  m 2  ×  m 2    = 128  . When taking the equal sign, the value of m is 8. Therefore, when it is divided into an   8 × 8   dot matrix, the search times are at least 128. Since the actual number of points is only 3969, the minimum number of searches may be lower than this value.



	
N-step block search algorithm.






If the whole block search algorithm is divided into N steps, each step divides the lattice searched in the previous step into a new lattice set. Finally, when the size of the lattice reaches the set minimum value, all points of the minimum lattice will be traversed and searched. This traversal algorithm can shorten the total search time.



	
It is assumed that the I-channel and Q-channel signals are divided into    2 6  = 64   points. Divide all points into m equal parts. In order to make the length and width after each bisection an integer, m takes the positive integer power of 2. Take any point with the same relative position in each lattice as the input. Find the point in the lattice where the residual signal power is minimized in this step;



	
Continue to divide the lattice obtained in step 1 into m equal parts. Repeat step 1. The lattice obtained in the previous step is divided into a new lattice set in each step. Finally, when the size of the lattice reaches the set minimum value, all points of the minimum lattice are traversed and searched until the best cancellation point is found;



	
After the best cancellation point is obtained, monitor the residual signal power constantly. If the change of residual signal power exceeds the preset value, skip to step 1. Otherwise, it will be monitored all the time.






Assuming that the algorithm ends when the lattice size is   1 × 1  . The total number of steps of the algorithm is   N =  log m   2 6  = 6  log m  2  . Each step needs to search   m × m   points. So, the total number of steps is   T =  m 2   N = 6   m 2   log m  2  . After derivation calculation, when m = 2 is chosen, the number of steps reaches the minimum, and the total number of steps is 24. This algorithm will significantly reduce the search time because of many discarded points. However, if each step is roughly divided, except near the optimal cancellation point, other sections change slowly with the amplitude of the cancellation signal. If it is roughly divided, the N-step block search algorithm may not find the location of the best cancellation point.



To ensure the stability of the algorithm and shorten the search time, the improved cancellation algorithm used in this paper is shown in Figure 14. The steps are as follows:




	
Divide all points into four parts according to the four quadrants in the coordinates. Use the coordinates of the central point of each part to control the variable capacitor network, and take the point that minimizes the residual power of the self-jamming signal so as to determine the quadrant;



	
Divide all determined quadrants into an   8 × 8   lattice on average. Take the coordinates of the central point of each lattice into the variable capacitor network. Take the point that minimizes the residual power of the self-jamming signal;



	
Search the last 64 points. The point with the minimum residual power of the self-jamming signal is the best cancellation point.








A total of 4 + 16 + 64 = 84 iterations are required to complete a self-jammer cancellation by this method. At the same time, in order to make the algorithm adapt to the movement of the best cancellation point caused by environmental changes, after finding the best cancellation point, the algorithm must monitor the residual signal power constantly. If it exceeds the preset value, the algorithm will be started again.






3. Simulation and Experimental Results


The proposed SJC circuit was designed based on the 900 MHz UHF RFID transceiver and was fabricated in a 180 nm CMOS process. The layout photograph of the chip is shown in Figure 15 with a   0.616   mm 2    core area of the SJC circuit. The hardware photo of the 900 MHz RFID test board is shown in Figure 16. The overall function simulation results of the SJC circuit are shown in Figure 17. The simulation results show a residual signal amplitude waveform with time when the working frequency is 900 MHz. Before the SJC circuit works, we need to ensure that the power level of the cancellation signal and the maximum self-jamming signal is the same to achieve a better cancellation effect. From Figure 8a, we can conclude the method to ensure the same power level of these two signals. First, set the output power of the transmitter to maximum; then, turn off the cancellation signal path before the signal combiner. We use the power detector to detect the power level of the self-jamming signal. After that, turn off the self-jamming signal path, and adjust the variable capacitor network so that only the I or Q axis is turned on with no attenuation. So, the power level of the cancellation signal can be detected. If the power level of the two signals is not the same, we adjust the off-chip power amplifier or attenuator in the cancellation path in order to ensure the same power level for a better cancellation effect.



Every time the cancellation algorithm is turned on, it needs to wait for 10 µs to stabilize the ADC and front-end circuit. Then, the cancellation algorithm starts to receive ADC’s output data. Due to the narrow bandwidth of the power detector, the residual signal needs to wait 3 to 4 µs to be sampled by the ADC after passing through the power detector. Therefore, to ensure the stable operation of the cancellation circuit, the cancellation algorithm is set to receive the data output by ADC every 5 µs. As can be seen from Figure 17, after the iteration of the cancellation algorithm, the amplitude of the residual signal gradually decreases. After finding the best cancellation point, the amplitude of the residual signal reaches the minimum. The final convergence time is 440 µs.



Figure 18 shows the spectrum distribution of the self-jamming signal before and after cancellation. It can be seen that the amplitude of the signal at 900 MHz is attenuated by 38 dB after passing through the SJC circuit, and the remaining harmonics will be filtered out by LNA. Figure 19 is a simulation waveform of the time-varying differential output DC level of the mixer. It can be seen that before the cancellation circuit works, the strong co-frequency self-jamming signal generates a high DC voltage at the output of the mixer after down-conversion. After the best cancellation point is found by the cancellation algorithm, the output DC voltage of the mixer is only 21.5 mV. Figure 20 shows the corresponding chip test results. The blue and green waveforms are the single-ended waveform output by the mixer, respectively, and the red is the differential waveform. The simulation and test results show that the self-jamming cancellation circuit designed in this paper can achieve more than a 38 dB cancellation effect, which is enough in our design. Considering a 20 dB isolation of the coupler, the isolation between the output of PA and the input of LNA is 20 dB + 38 dB = 58 dB. The maximum output power of PA in our design is 10 dBm. So, the maximum power of the self-jammer before LNA is 10 dBm − 58 dB = −48 dBm, which leaves enough of a design margin of the   P  1 d B    of the LNA. A direct conversion structure is adopted in our transceiver to move the residual self-jammer to DC at the output of the mixer. In addition, the DC can be removed by a large AC coupling capacitor, so the baseband circuit will not be affected by the self-jamming signal. Table 1 shows a comparison between this work and state of the art. The settling time of our work can be further improved by increasing the bandwidth of the power detector, since every time input of the cancellation algorithm needs to wait for the power detector to stabilize.



Sensitivity is an important parameter in UHF RFID readers. By applying the SJC circuit before the RF front end, the sensitivity will be improved as long as the gain of the RF front end is not compressed. However, the noise of the system is also an important factor. The phase noise of the CW signal will leak into the receiver together with the self-jammer, and the SJC circuit will also produce noise. To avoid the impact on the sensitivity, the noise in the SJC output should be at least 3 dB smaller than the noise floor. So, the phase noise of the CW signal must be low enough to ensure a sufficient signal-to-noise ratio (SNR) of the CW signal, and the SJC circuit we proposed is an on-chip passive structure that the noise contribution to the output can be neglected.



However, the sensitivity of our UHF RFID chip is only −55 dBm, so we did not compare that parameter in this design. According to the range correlation effect we mentioned earlier [16], if the time delay between the cancellation signal and the self-jamming signal is small enough, the noise will also be canceled along with the self-jamming signal. So, we take the cancellation signal from another port of the directional coupler rather than directly use the LO signal inside the chip. However, we ignored that the mixer of RX should also adopt the CW signal from the SJC input as the LO signal to maintain the high correlation of the phase noise, so the sensitivity is decreased. We will improve this in the next design.



Through the above analysis, we can summarize the methods to improve the sensitivity of the UHF RFID receiver.



	
Add SJC circuit before the RF front end to avoid the gain compression of the amplifier;



	
The noise produced by the SJC circuit and the LO signal must be low enough to ensure a sufficient SNR of the CW signal and the cancellation signal;



	
Lower the time delay between the two inputs of the SJC circuit and the mixer of the receiver to maintain the high correlation of the noise of these signals.







4. Conclusions


In this paper, a passive, low-cost, fully integrated SJC circuit for UHF RFID applications is proposed. To overcome the drawbacks of the active device in the active amplitude and phase control circuits, a passive variable capacitor array and signal combiner is adopted in this design. By analyzing the feasibility of signal attenuation by variable capacitor circuits, we use five control bits to balance the complexity and the performance of the system. The power detector and the improved self-jamming cancellation algorithm are also introduced. Experimental results showed that a suppression of 38 dB can be achieved while consuming 440 us to converge, which is competitive among other works. At last, we discussed the factors affecting the sensitivity of the UHF RFID receiver, and we also gave the methods to improve it.
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Figure 1. The architecture of the UHF RFID transceiver. 
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Figure 2. The architecture of the SJC circuit. 






Figure 2. The architecture of the SJC circuit.



[image: Electronics 11 02311 g002]







[image: Electronics 11 02311 g003 550] 





Figure 3. Schematic diagram of passive polyphase filter and active buffer. 
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Figure 4. The unit circuit structure of the variable capacitor array. 
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Figure 5. Equivalent circuit model of the variable capacitor array. 
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Figure 6. The transfer function of variable capacitor array. 
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Figure 7. Variable capacitor network and signal combiner circuit. 
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Figure 8. Possible cancellation points and power region of the self-jamming signal. (a) The self-jamming signal can be canceled in all cases; (b) the cancellation accuracy will be affected at the boundary in the circular area; (c) the amplitude control will produce redundant control bits. 
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Figure 9. Distribution of the cancellation points when M = 2. 
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Figure 10. The output of  η  distribution when (a) M = 2 and (b) M = 3. 
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Figure 11. Schematic diagram of the detection circuit. 
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Figure 12. Schematic diagram of the logarithmic amplifier. 
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Figure 13. The input–output characteristics of the power detection circuit. 
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Figure 14. Schematic diagram of self-jamming cancellation algorithm. 
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Figure 15. Layout photograph of the SJC circuit. 
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Figure 16. Hardware photo of the 900 MHz RFID test board. 
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Figure 17. Simulation result of the differential output of the SJC circuit. 
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Figure 18. Suppression performance of the proposed SJC circuit: (a) amplitude of the self-jamming signal; (b) amplitude of the SJC output. 






Figure 18. Suppression performance of the proposed SJC circuit: (a) amplitude of the self-jamming signal; (b) amplitude of the SJC output.



[image: Electronics 11 02311 g018]







[image: Electronics 11 02311 g019 550] 





Figure 19. Simulation result of the differential output of the mixer. 






Figure 19. Simulation result of the differential output of the mixer.



[image: Electronics 11 02311 g019]







[image: Electronics 11 02311 g020 550] 





Figure 20. The chip test result of the differential output of the mixer. 
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Table 1. Comparison between this work and state of the art.
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	MWCL 2021 [13]
	RFID 2017 [14]
	TMTT 2012 [26]
	TCAS-I 2013 [27]
	MWCL 2019 [6]
	TCAS-II 2021 [7]
	This Work





	Technology
	N/A
	N/A
	N/A
	0.18 µm CMOS
	0.13 µm CMOS
	55 nm CMOS
	0.18 µm CMOS



	Integration (-chip)
	off
	off
	off
	on
	on
	on
	on



	Self-jamming Suppression (dB)
	46.2–61.7
	50
	36
	35
	14.7
	43.8
	38



	Settling Time (ms)
	0.5
	20
	0.4
	0.033
	0.009
	0.027
	0.44
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